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PREFACE TO FIFTH EDITION. 


When tWs work was first in preparation the author had before 
him the problem of teaching thermodynamics so that students m 
engineering could use the results immediate^ c^^on m h 
experiments in the Engineering Laboratories of Massachu- 
setts Institute of Technology. The acceptance of the bo jc by 
teachers of engineering appears to justify its general ™ 
will be adhered to now that the development of engmeenng calls 

The author is still of the opinion that the general mathematical 
presentation due to Clausius and Kelvin is most "^nves 

carries with it the ability to read current thermodynamc inves- 
tigations by engineers and physicists. At the same time it is 
Xnised that recent investigations of superheated steam are 
presented in such a way as to narrow the apphcations o ■ 
general method so that there is justification for who prrfer 
special methods for those apphcations. To provide for b 
views of this subject, the general 

presented in a separate chapter, which may be onut ed at the 
first reading (or altogether), provided that the special 
which also arc given in the proper places, “ 

The first edition presented ° ^ ® 

accepted at that time, so that it was considered 
justify the data by giving the derivation at J ^o 

matter, which is no longer new, is 

reheve the student of discussions that must appear unnecessary 

^°Thf inttoduction of the steam-turbine has changed adiabatic 

catauHlr steam, horn an apparent “ 

a common necessity. To meet this changed condition, the Tables 
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;am have had added to them columns 
and further there has been 
or dryness factor) the heat 

, for each degree 

■will enable the computer to deter- 
of adiabatic expansion to any pres- r 
the external work 
orifice or nozzle 
and also to determine the distri- 
for a steam-tmrbine. For the 
work this table may be used -without 

by interpolation greater refinement may be had. 

‘ on the properties of 

to tests on engines to 
Attention 


of entropies of vaporization 
computed a table of the quality (< 
contents and volume at constant entropy, 

Fahrenheit. This table ' — -- 
mine directly the effect 
sure or volume, and to calculate with ease 
in a cylinder or the velocity of flow through an 
including the effect of friction; 
bution of work and pressure 

greater part of practical ' 

interpolation, or 1 , 

Advantage is taken of recent experiments 
superheated steam and of the application t. 
place that subject in a more satisfactory condition, 
fs also given to the development of internal combustion engines 
and to *e use of fuel and blast-furnace gas. A chapter is ^ve 
. 1 . of the steam-turbine with current method 
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PREFACE ^ 

is that employed by the majority of writers, and was prepared 
with the view of presenting clearly the difficulties inherent in t e 
subject, and of giving familiarity with the processes employed. 

In the discussion of the properties of gases and vapors the 
original experimental data on which the working equations, 
whether logical or empirical, must be based are given qui^e 
fully, to afiord an idea of the degree of accuracy attainable in 
calculations made with their aid. Rowland’s determination of 
the mechanical equivalent of heat has been adopted, and with it 
his determination of the specific heat of water at low tempera- 
tures. The author’s “Tables of the Properties of Saturated 
Steam and Other Vapors” were calculated to accompany this 
work, and may be considered to be an integral part of it. 

The chapters on the flow of gases and vapors and on the 
injector are believed to present some novel features, especially 
in the comparisons with experiments. ^ 

The feature in which this book differs most 
works is in the treatment of the steam-engine. It ^s been 
deemed advisable to avoid all approximate theories based on 
theTssumption of adiabatic changes of steam in an engine 
cylinder, and instead to make a systematic study of steam- 
engine tests, with the view of finding what is actually known on 
the subject, and how future investigations and 
may be made. For this purpose a large ^ ^ 

been collected, arranged, and compared. Special attent o 
,0 the toeettgetioDe oJ the action of 
rf an engine, coneidemble .pace bemg gi«n to a.n 3 it.eKch» 
and to eicperimente that provide the baala for them. ^nKhom 
are given te teating engines, and for designing simple and com- 

’’“cUp't^rve been added on compressed-air and refrigeraB.^ 
maSeTto provide for the study of these impormnt subJeeU 
in connecUon vrilh the theory of 

. “.n^r res^n^nTe^^rSai:^. 

^TdoSlot ap^ hecissary to add other acknowledgment of 
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sistance from well-known authors, further than to say that 
eir writings have been diligently searched in the preparation 
this book, since any text-book must befergely an adaptation of 
eir work to the needs of instruction. 

C. H. P. 

Massachusetts Institute oe Technology, 

May, 1889. 


PREFACE TO FOURTH EDITION, 


A. THOROUGH revision of this work has been made to bring 
into accord with more recent practice and to include later 
serimental work Advantage is taken of this opportunity to 
Jce changes in matter or in arrangement which it is believed 
1 make it more useful as a text-book. 

C. H. P. 

SCassachusetts Institute of Technology 
July, 1898. 
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THERMODYNAMICS OF THE STEAM-ENGINE. 


CHAPTER I. 


THERMAL CAPACITIES. 



Tbde object of thermodynamics, or the mechanical theory of 
heat, is the solution of problems involving the action of heat, 
and, for the engineer, more especially those problems presented 
by the steam-engine and other thermal motors. The substances 
in "Which the engineer has the most interest are gases and vapors, 
more especially air and steam, Fortunately an adequate treat- 
ment can be given of these substances for engineering purposes. 

First General Principle. — In the development of the theory 
of thermodynamics it is assumed that if any two characteristics 
or properties of a substance are known these two, treated as 
independent variables, will enable us to calculate any third 
property# 

As an example, we have from the combination of the laws of 
Boyle and Gay-Lussac the general equation for gases, 

p - RT, 

in which p is the pressure, v is the volume, T is the absolute 
temperature by the air-thermometer, and is a constant which 
for air has the value 53.35 when En#sh units are used. It is 
probable that this equation led to the general assumption jUst 
quoted. That assumption is purely arbitrary, and is to be jusU- 
fied by its results. It may properly be considered to be the first 
general principle of the theory of thermodynamics; the other 
two general principles are the so-called first and second laws of 
thermodynamics, which will be stated and discussed later. 
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^ thermal capacities 

Characteristic Equation. — An equation which gives t| 
relations of the properties of any substance is called the chara| 
teristic equation for that substance. The properties appeariij 
in a characteristic equation are commonly pressure, volu^ 
and temperature, but other properties may be used if conveme| 
The form of the equation must be determined from experimeh| 
either directly or indirectly. | 




The characteristic equation for a gas is, as already quotl 

*■-1 

pv RT. I 

The characteristic equation for an imperfect gas, like sul)| 
heated steam, is likely to be more complex; for example, t| 
equation given by Knoblauch, Linde, and Klebe is | 

pv^BT-p(s + ap)^C I 

••..1 

On the other hand, the properties of saturated steam, espccfe; 
if mixed with water, cannot be represented by a single equati| 
Specific Pressure. — The pressure is assumed to be a liydf 
static pressure, such as a fluid exerts on the sides of the c| 
taining vessel or on an immersed body. The pressure| 
consequently the pressure exerted by the substance under c| 
sideration rather than the pressure on that substance. | 
example, in the cylinder of a steam-engine the pressure of ;i 
steam is exerted on the piston during the forward stroke | 
does work on the piston; during the return stroke, when | 
steam is expelled from the cylinder, it still exerts pressure} 
the piston and abstracts work from it. | 

For the purposes of the general theory pressures i 
expressed in terms of pounds on the square foot for the Eng| 
system of units. In the metric system the pressure is exprcs 
in terms of kilograms on the square metre. A pressure t] 
expressed is called the specific pressure. In engineering prac} 
other terms are used, such as pounds on the square inch, inq 
of mercury, millimetres of mercury, atmospheres, or kilogrl 
on the square centimetre. f 




TEMPERATURE 3 

Specific Volume. — It is convenient to deal with one unit of 
I weight of the substance under discussion, and to consider the 

I volume occupied by one pound or one kilogram of the substance ; 

I this is called the specific volume, and is expressed ih cubic feet or 

i in cubic metres. The specific volume of air at freezing-point 

I and under the normal atmospheric pressure is 12,39 cubic feet; 

the specific volume of saturated steam at 2i2“F. is 26.6 cubic 

feet; and the specific volume of water is about or nearly 

0.016 of a cubic foot. 

Temperature is commonly measured by aid of a mercurial 
thermometer which has for its reference-points the freezing- 
point and boiling-point of water. A centigrade thermometer 
has the volume of the stem between the reference-points divided 
into one hundred equal parts called degrees. The Fahrenheit 
thermometer differs from the centigrade in having one hundred 
and eighty degrees between the freezing-point and the boiling- 
point, and in having its zero thirty-two degrees below freezing. 

The scale of a mercurial thermometer is entirely arbitrary, 
and its indications depend on the relative expansion of glass and 
mercury. Indications of such thermometers, however carefully 
made, differ appreciably, mainly on account of the varying 
nature of the glass. For refined investigations thermometne 
readings are reduced to the air-thermometer, which has the 
advantage that the expansion of air is so large compared with 
the expansion of glass that the latter has little or no effect. , 
It is convenient in making calculations of the properties ^f 
air to refer temperatures to the absolute zero of the scale pf the 
air-thermometer. To get a conception of what is meant oy t 
expression we may imagine the air- thermometer to be made 0 : 
a uniform glass tube with a proper index to show The 
of the air. The position of the index may be marked at boiling- 
point and at freezing-point as on the mercurial Thermometer, 
and the space between may, be. divided into one hundred parts 
or degrees. If the graduations are continued To the closed end 
of the tuhe there will be found to be 273 of them. t wi e 

















THERMAL CAPACITIES 


shown later that there is reason to suppose that the absolut4; 
zero of temperature is 273*^ centigrade below the freezing-poini|y# 
of water. Speculations as to the meaning of absolute zero and' 
discussions concerning the nature of substances at that temped', • , 
ature are not now profitable. It is sufficient to know that < - 
equations are simplified and calculations are facilitated by 
device. For example, if temperature is reckoned from 


arbitrary zero of the centigrade thermometer, then the charati- 
teristic equation for a perfect gas becomes ' 






in which a is the coefficient of dilatation and ^ = 273 nearly, 

In order to distinguish the absolute temperature from 
temperature by the thermometer we shall designate the formof''<",^^ 
by T and the .latter by t, bearing in mind that 

r = < + 273® centigrade, 

T* =/ + 450.5 Fahrenheit. 

Physicists give great weight to the discussion of a scab ohC tlg 
ternperature that can be connected with the fundamental unjlSl- 
biilhEth and weight like the foot and the pound. Such a sc4l(|-*^ 


sirrce-'it-'dGes not depend on the properties of any subst|||^^* 
(glass, mercury, or air), is considered to be the absolute scale. .Qf, 
temperature. The differences between such a scale and imfSSm 
Bcttje of the air-thermometer are very small, and are difficult 
determine, and for the engineer are of little moment. At '■(hb' l^ffM 
proper place the conception of the absolute scale can be 
stated. ' 

Graphical Representation of the Characteristic Equation,' 

Any cq^ with three variables may be represented ^'y , 

referred to co-ordinate axes, of which surfad^tl^JI 
the variables are the co-ordinates. In the case of a perfect 
conforms to the equation 

fv^RT, 






r.'i^ r'l-i '/'Mi' .■ ,i v. *s .bA •.> .v- • 
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STANDARD TEMPERATURE 5 

the surface is such that each section perpcncUcular to the axis 
of 3 ' is a rectangular hyperbola (Fig. i). 

Returning now to the general case, 
it is apparent that the characteristic // \\ 

equation of any substance may be repre- 
sented by a geometrical surface referred \ 
to co-ordinate axes, since the equation Is 
assumed to contain only three variables; 
but the surface will in general be less *j / 

simple in form than that representing the X’ i. 

combined laws of Boyle and Gay-Lussac, 

If one of the variables, as I’, is given a special constant value, 
it is equivalent to taking a section perpendicular to the axis of 
T\ and a plane curve will be cut from the surface, which may 
be conveniently projected on the (/>, v) plane, The reason for 
choosing the (/», v) plane is that the curves correspond with 
those drawn by the steam-engine indicator. 

Considerable use is made of such thermal curves in explaining 
tlicrmodynamic conceiJtions, As a rule, a graphical process 
or representation is merely another way of presenting an idea 
that has been, or may be, presented analytically; there is, how- 
ever, an advantage in representing a condition or a change to 
the eye by a diagram, especially in a discussion which appears 
to be abstract. A number of thermal curves arc explained on 
page 16. 

Standard Temperature. — For many purposes it is convenient 
to take the freosing- point of water for tlie standard temperature, 
since It is one of the reference- imlnts on the therraometric scalp; 
this is especially true for air. But the properties of water change 
rapidly at and near freezing- point and are very imperfectly 
known. It has consequently become customary l:| jako 6a®F.:i 
for the standard temperature for the English system ‘bf units; 
there is a convenience In this. Inasmuch as the pound and yard 
arc standards at tlial temimrature. For the metric system 1 5® G. 
is used, though the kilogram and metre are standards at frccxlng- 
polnt. 
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6 THERMAL CAPACITIES 

Thermal Unit. — Heat is measured in calories or in 
thermal units (b. t, u.). A British thermal unit is tl 
required to raise one pound of water from 62° F. to 63' 
like manner a calorie is the heat required to raise one k: 
of water from 15“ C. to 16° C, 

Specific Heat is the number of thermal units required 
a unit of weight of a given substance one degree of temp( 
The specific heat of water at the standard temperaturi 
course, unity. 

If the specific heat of a given substance is constant, tl 
heat required to raise one pound through a given range 
pperature is the product of the specific heat by the incr 
temperature. Thus if c is the specific heat and ^ is th 
the heat required is 

Q ^ c (t ~ /,), and c = ■ — •« 

■ If the specific heat varies the amount of heat must bo 0] 
by integration ~ that is, , 


and conversely ; . 


Q — J'cd't) 




,;;|;it is Custoi^ry ;t6 ^tihguish, twoipecifie.,]^^^^ for; 
gases; specific. heat.' at co^torit ,prejssure'^di|pe 9 iAc,.i 
constant volume, yjrhiGi^ inay .bp re'^resentedvS^if ''-' ^ 


‘^p==.(<:^Ta,ndc, 




the subscript attached to’ thA pai^Utp^l^ic^i^^ p] 
which is constant during theVhhangeV: Vl|;i;&;|^ 
specific heats just expressed are partial ji|itt|ji|eih|a|;c0e 
Latent Heat of Expansion is the apiQU«iyiift|' r,e^U: 
increase the volume of a unit of weight oii'tlilsiss^^^^ 
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cubic fool, or one cubic metre, at constant temperature. It 
may be represented by 


Thermal Capacities. — The two specific heats and the latent 
heat of expansion are known as thermal capacities. It is cus- 
tomary to use three other properties suggested by those just 
named which arc represented as follows; 




The first represents the amount of heat that must be applied 
to one pound of a substance (such as air) to increase the pressure 
by the amount of one pound per square foot at constant tem- 
perature; this jrroperty is usually negative and reprcsctits the 
heat tlmt must be abstracted to prevent the temperature from 
rising. The other two can be defined in like manner if desired, 
Init it is not very important to state the definitions nor to try to 
gain a conception na to wimt they mean, as it is easy to express 
them in terms of the first three, for whicli the conceptions are 
not clKRcult. They have no names assigned to them, which is, 
on the whole, fortunate, as, of the first three, two have names that 
have no real significance, and the third is a misnomer. 

Oenoral Equations of the Effects Produced by Heat. — In 
order to be able to compute the amount of heat required to 
produce a change in a substance by aid of the characteristic 
equation, it is necessary to admit tlmt there is a functional rela- 
tion between the heat applied and some two of the properties 
that enter Into the characteristic equation. It will appear later 
in connection with the discussion of the first law of thermody- 
namics tliat an integral equation cannot In general be written 
directly, but we may write a differential equation in one of the 
three following forms; 
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or substituting for the partial differential coefficients the lettcri 
which have been selected to represent them, ; 

dQ “ C^dl “f* Idv ••••»*• 

dQ — c^l + mdp ....... (2) 

dQ — ndp H- odv (3} 

jp This matter may perhaps be- 

clearer if it is presented graph- , 
ically as in Fig. 2, where ab I3 
intended to represent the path 
^ point on the characteristic, 
Y surface in consequence of the 
\ addition of the heat dQ, There; 

will in general be a change 0 |: 
temperature volume and pres*] 
sure as indicated on the figuroV 
Now the path ab, which 
X for a small change may 
Fio.». be corisidered to be a straiglib 

line, will be projected , 0^ 
the three planes ut a'b', a"V[ and a'"V*', 'the projection on the 
(v,r) plane may be resolyed into the components Sw and' 
the first represents a change of volume, at, cpnstant .ternperaturb 
requiring the heat Wv, and the second represents a change of tem>- 
perature at constant volume requiring the heat Conse- 

quently the heat required for the change in terms of the volumio 
and temperature is 


Cfdt -i- mPv. 
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Relations of the Thermal Capacities. — The three equations 
(i), (2), and (3), show the changes produced by the addition of 
an amount of heat dQ to a unit of weight of a substance, the 
difference coining from the methods of analyzing the changes. 
We may conveniently find the relations of the several thermal 
capacities by the method of undetermined coefficients. Thus 
equating the right-hand members of equations (i) and (2), 

Cfdt -|- Idv CjfU -|- indp (4) 

From the characteristic equation wc shall have in general 

V = F ip, T), 

as, for example, for air wc have 

RT 


and consequently we may write 

, it; „ , it; 
dv «<=> at -I- ^ dp, 

which substituted in equation (4) gives, 

Cpdl - 1 - nidp c^dl -I- 

Cpdl .- indp (cg *1- dt -i- I dp . . (5) 


Xt will be noted that, as T differs from I only by the addition 
of a constant, the differential dl may Ije used in all cases, whether 
we arc dealing with absolute temperatures, or temperatures on 
the ordinary thermometer. 

In equation (5) p and T arc independent variable.s, and each 
may have all possible values; consequently we may equate like 
coeffidents. 
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Also, equating the remaining coefficients, : 

I == (7 );■■!. 

If the characteristic equation is solved for the pressure we 


shall have 


so that 


{T,v), 

'*<’ - &■ * + to * 




••• 

(») '' 3 


which substituted in equation (4) gives 

Cpdt + in dt + dv'^ = c^dt + Idv, 

(cp + m di + + lo 


m dv = c^dt + Idv, 
ov 


Equating like coefficients, 


'■:3 

nm 


Cp + -= *^9) 


~ -Cp-c, , 


From equations (2) and (3) 


and from an equation 

r = F, {V, P) 


^dv + ^-dp, 


which latter substituted in equation (ii) gives 

ht ' 

Cp^ dv + Cp ^ dp +' mdp ^ flip + odv. 


Equating coefficients of dv^ 


, .[■m 
- a 


Cpdl + =• '^■dp + odv (ii) 
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Finally, from equations (i) and (3), 

c,di -[- Idv ='idp + odv ... 

Substituting for dt as above, 

e,” dv -I* dp + Idv >= ndp H- odv, 
ov op 

Equating cocflicients of dp, 


• (13) 


. (14) 


For convenience the several relations of the thermal capacities 
may be assembled as follows: 


/ - (f, 




n ^ Cp’ 


They arc the necessary algebraic relations of the literal func- 
tions growing out of the first general principle, and are inde- 
pendent of the scale of temp^Tature, or of any other theoretical 
or experimental principle of thermodynamics other than the one 
already staled —• namely, that any two properties of a given 
substance, treated a3_ independent variables, arc sufFicicnt to 
allow us to calculate any third property. 

Of the six thermal capacities the specific heat at constant 
pressure la the only one that is commonly known by direct 
experiment. For perfect gases this thermal capacity is a con- 
stant, and, further, the ratio of the specific heats 


is a constant, so that is readily calculated. The relations of 
the thermal capacities allow us to calculate values for the 
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other thermal capacities, I, in, n, and o, provided that we 
first determine the several partial differential coefficients w] 
appear in the proper equations. But for a perfect gas 
characteristic equation is 

pv = RTf 

from which we have 

8v R ^ R , 

Bt _ V , p 

Sp~ r’* 8v ^ r' 

Substituting these values in the equations for the thei 
capacities, we have 

I <= ^(Cp — Cp)', — in = - (Cj,— Cp ) } 

V P 

n^-cp^, o^^cp; 

by aid of which the several thermal capacities may be calcul 
numerically, or, what is the usual procedure, may be represe 
in terras of the specific heats. 



CHAPTER 11 . 


FIRST LAW OF THERMODYNAMICS. 

The fovnial statenieiit ot (he first law of thermodynamics is: 
Heal and mechanical energy are mulmUy converliMe, and 
heal requires for Us producHon and produces by Us disappearance 
a definUe number ofnnits of work for each thermal unil. 

This law, which may be considered to be the second general 
principle of thcrmodynaraics, is the .statement of a well-deter- 
mined physical fact. It is a special statement of the general 
law of the conservation of energy, i.e., tliat energy may Ise trans- 
formed from one form to another, but can neither be created 
nor destroyed, ll .shoiikl be stated, however, that the general 
law of conservation of energy, though universally accepted, has 
not Ijcen proved by direct experiment in all cases; there may be 
cases that arc not susceptible of so direct a proof as wc have for 
the transformation of heat into work. 

The Ijcst determinations of the mechanical cciuivalent of heat 
were made by Rowland, whose work will be considered in detail 
in connection with the properties of steam and water. From 
ins work it appears that 778 foot-pounds of work arc required to 
raise one pound of water from 63® to 63'’ Fahrenheit; this value 
of the mechanical equivalent of heat is now commonly accepted 
by engineers, and is verified by the latest determinations by 
Joule and other experimenters. _ 

.The values of the mcclmnical equivalent of heat for the Eng- 
lish system and for the metric system are: 

I n. T. u. 77 ^ foot-pounds. 

I calorie « 436.9 metre-kilograms. 

This physical constant is commonly represented by tlic letter 
J) the reciprocal is represented by /I. 
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; il 

In older works on thermodynamics the values of J are com-;? 
monly quoted as 772 for the English system and 424 for the! 
metric system. The error of these values is about one per cent. :;l 

Effects of the Transfer of Heat, — Let a quantity of any sub-'f 
stance of which the weight is one unit--i.e., one pound or one ? 
kilogram — receive a quantity of heat dQ. It will, in general, 
experience three changes, each requiring an expenditure of.; 
energy. They are: (i) The temperature will be raised, and,M< 
according to the theory that sensible heat is due to the vibra- j 
tions of the particles of the body, the kinetic energy will be 
increased. Let dS represent this change of sensible heat or 
vibration work expressed in units of work. (2) The mean 
positions of the particles will be changed; in general the body ' 
will expand. Let dl represent the units of work required for 
this change of internal potential energy, or work of disgregation. 
(3) 'The expansion indicated in (2) is generally against an exter- * 
nal pressure, and to overcome the same — that is, for the change ? 
in external potential energy — there will be required the work ' 
dW, 

If during the transmission no heat is lost, and if no heat ik' 
transformed into other forms of energy, such as sound, electricity j,;: 
etc,, then the first law of thermodynamics gives 

dQ ^ A{dS + dl dW) . . . . . (15I 

It is to be understood that any or all of the terms of the equa- 
tion may become zero or may be negative. If all the terms 
become negative heat is withdrawn instead of added; and dg if?; 
negative. It is not easy to distinguish between the vibratioiris 
work and the disgregation work, and for inany purposes 'It I is; 

^ unnecessary; consequently they are treated together under the 
name of intrinsic energy, ahd’ we have 

dQ ^ A(dS ^- dl A dW) ^ A(^ -\- dW) . . (itf 






The inner work, or intrinsic energy, depends on the state of ;i? 1 | 
the body, and not at all on the manner ^ which it arrived at fell 
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that state; just as the total energy of a falling body, with refer- 
ence to a given plane consisting of kinetic energy and potential 
energy, depends on the velocity of the body and the height 
above the plane, and not on the previous history of the body. 

The external work is assumed to be done by a fluid-pres- 
sure; consequently 

(IW “ fdv (17) 

W^JJ'pdv ( 18 ) 

where and w, are the final and initial volumes. 

In order to find the value of the integral v in equation (i8) it 
is necessary to know the manner in which the pressure varies' 
with the volume. Since the pressure may vary in different ways, 
the external work cannot be determined from the initial and 
final slates of the body; consequently the heat required to effect 
a change from one state to another depends on the manner in 
which the change is effected. 

Assuming the law of the variation of the pressure and volume 
to be known, we may integrate thus: 

Q — EiA' Pd^ • . . • ( 19 ) 

In order to determine E for any state of a body it would be 
necessary to deprive it entirely of vibration and disgregatlon 
energy, which would of course involve reducing it to a state of 
absolute cold; consequently the direct determination is impossi- 
ble. However, in all our work the substances operated on are 
changed from one slate to another, and in each state the intrinsic 
energy depends on the state only; consequently the change of 
intrinsic energy may be determined from the initial and final 
states only, without knowing the manner of change from one to 
the other. 

In general, equations will be arranged to involve differences 
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of energy only, and the hypothesis involved in a separation into 
vibration and disgregation work avoided. ■ 

Thermal Lines. — The external work can be determined only:; 
when the relations of p and v are known, or, in general, when ' 
the characteristic equation is known. It has already been;; 
shown that in such case the equation may be represented by a{ 
geometrical surface, on which so-called thermal lines can be 
drawn representing the properties of the substance under con*' ' 
sideration. These lines are commonly projected on the (/>, ’ 

plane. It is convenient in many cases to find the relation of p 
and V under a given condition and represent it by a curve drawn • 
directly on the {p, v) plane. 

Lines of Equal Pressure. — The change of 
^ condition takes place at constant pressure, and 
consists of a change of volume, as represented In 
Fig* 3* The tracing-point moves from to (i„. 
<?l " and. the volume changes from v, to Tho ' 

Pig. 3 . ’ work douc i^ represented by the rectangular area ;! 

under a!,Oj, or by ' ' 








dv ^ p(v^ — v^) 


During^ the change^ may or may not change} 

the diagram shows nothing Gonc^^ 

Lines of Equal Volume* — The pressure in- ; 
creases at constant volumejf aiid the tracihg'^point p ! 
^oves from to The temperature usually 
increases meanwhile, , .Since dv is zero,^ i ' I y (ti - ■ ! 


Pvi ■ 

F = X 








Isothermal Lines, or Lines of Equal ;#empqfatur8/^ The ‘ 
temperature remains constant, and a dine. :is; 
txmvex, toward the axis OF. The-pressure^iql^j^^p''^^^ 








ADIABATIC LINES 


liquid and its vapor is constant for a given temperature; con- 
sequently the isothermal for such a mixture is a line of equal 
pressure, represented by Fig. 3. The iso- p 
thermal of a perfect gas, on the other hand, is 
an equilateral hyperbola, as appears from the 
law of Boyle, which may be written ^ j ^ 

jyv ~ C, Fi«. 5- 

Isodynamic or Isoonerglc Lines arc lines reprasenting changes 
during which the intrinsic energy remains constant. Conse- 
quently all the heat received is transformed into external work. 
It will l:)c seen later that the isodymunic and isothermal lines 
tor a gas arc the same. 

Adiabatic Linos. — A very important ])robIem in thermo- 
dynamics is to determine the behavior of a substance when a 
change of condition takes place in a non-conducting vessel. 
During the change — for example, an increase of volume or 
expansion-" some of the heat in the substance may be changed 
into work; but no heat is transferred to or from the substance 
through the walls of the containing vessel. Sucli changes arc 
called adiabalic changes. 

Very rapid changes of dry air in tlic cylinder of an air-com- 
pressor on a compressed-air engine arc very nearly adialiatic. 
Adiabatic changes never occur in the cylinder of a stcipn-englne 
on account of the rapidity with which steam is condensed on or 
vaporized from the cast-iron walls of the cylinder. 

Since there is no transmission of heat to (or from) the working 
substance, equation (19) becomes 

Q « /IfiSj - El + fj* pdv) . . . . ( 32 ) 




11 


that is, the external work is done wholly at the exiiense of the 
Intrinsic energy of the working substance, as must be the case 
in conformity with the assumption of an adiabatic change. 
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{p^ v) plane; finally vertical sections parallel to the (/>, v) plane 
arc rectangular hyperbote which arc projected in their true 
form on the (p, v) plane. If AC is an adiabatic curve on the 
characteristic surface, its loss of temperature is properly repre- 
sented by the fact that it crosses a series of isothermals in passing 
from A to C; AB is a line of constant pressure showing a decrease 
of temperature between the isothcvmals through A and through 
C; finally the projection of ABC on to the {p, v) plane shows that 
the adiabatic line ac is steeper limn the isothermal line be. 
Attention should be called to the fact that the first statement 
of this relation is the more general as it holds for all substances 
tlmt cxjiancl with rise of temperature at constant pressure what- 
ever may be the form of the characteristic equation. 

Thermal Linos and thoir Projections. ■ ■ 1 he treatment given 
of thermal lines is believed to be the .simplest and to present 
the features that arc most useful in practice. There is, how- 
ever, both interest and instruction in considering their relation 
in space and their projections on the three thermal planes. It 
is well to look attentively at Fig. 6 , which is a correct i.sometric 
projection of the characteristic surface of a gas following the 
law of Boyle and Gay-Lussac, noting that every section by n 
plane parallel to the (p.v) plane is ^ 

a rectangular hyperbola which -has 
the same form in space and when /° 

pj’ojcctcd on the (/», v) plane. The * ^ 

sections by a plane parallel to the ^ NVt' 

(/;, /) plane arc straight lines and are b" 
of course projected as straight lines 
on that plane and on the (/», v) plane; 
in like manner the sections by planes “ 
parallel to the (/, v) plane are straight ' 

lines. The adiabatic line in space 

and as projected on the (p, v) plane is probably drawn a little 
too steep, but the divergence from truth is not evident to the eye, 
In Fig. 7 the same method of projection is used, but other 
lines arc added together with their projections on the several 
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planes. Beginning at the point a in space the line ab 
isothermal which is projected as a rectangular hyperbol 
on the (p, v) plane, and as straight lines a"b" and a"'l 
the (py t) and (/, v) plane. The adiabatic line ac is si 
than the isothermal, both in space and on the (p, v) pla 
already explained; it is projected as a curve (a"c" or a"' o' 
the other planes. The section showing constant pressi 
represented in space by the straight line ae which project 
the (p, t) plane is parallel to the axis ot, and on the 
plane is parallel to the line itself in space; on the (p, v) plan 
horizontal, as shown in Fig. 3. In much the same way ad 
section by a plane parallel to the (l,v) plane, and a'd', 
and a'"d"' are its projections. 

Graphical Representations of Change of Intrinsic Ener( 
Professor Rankine first used a graphical method of represe 
a change, of intrinsic energy, employing adiabatic lines on 
follows ; 

Suppose that a substance is originally in the state A (Fij 
and that it expands adiabatically ; then the external work is 
* at the expense of the intrinsic energy; hence if the expa 
has proceeded to At the area AAjata, which represent! 
external work, also represents the change of intrinsic eh 
Suppose that the expansion -were to continue indefinitely;! 
p the adiabatic will approach the axis' 

indefinitely, and the area representing 
work will be included between, the curvjl 
produced indefinitely, the ordinate Aa,' 

o ^ nxis OF; thjs.,a;rea'!wn^^^^ al 

’’fi/s thatihan b^ :pl)taihe{j^'%^ the expai 

, of the subhta'Sicbi:;*!^^ 

:: ;: :^^uflng the expansion all th'e;;4nWih^^^^ 

into work, so that at the end the intrinsic eWgy is zero, it 
.re'sents also the intrinsic energy; .. Ih. cases % which; the e 
tj6n-6£ 'thh; adiabatic can be found i'Fis e^syfto .^hpw that ..: . . 
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is a finite quantity; and in any case, if we admit an absolute zero 
of temperature, it is evident that the intrinsic energy cannot 
be infinite. On the other hand, if an isothermal curve were 
treated in the same way the area would be infinite, since heat 
would be continually added during the expansion. 

Now suppose the body to pass from the condition represented 
by A to that represented by B, by any path whatever — that is, 
by any succession of changes whatever — for example, that 
represented by the irregular curve AB. The intrinsic energy 
in tlio state B is represented by the area VbBfi, The change of 
intrinsic energy is represented by the area (^BbaAa, and this 
area does not depend on tire form of the curve AB. This graph- 
ical process is only another way of saying that the intrinsic 
energy depend.^ on the state of the .substance only, and that 
change of intrinsic energy depends on the final and initial states 


only. 

Another way of representing change of intrinsic energy by 
aid of isodynamic lines avoids an infinite diagram. Suppose 
the change of state to be represented by the 
curve AB (Fig, 9). Draw an isodynamic 
line AC through the point A, and an adia- 
batic line BC through intersecting at C ; 
in general the isocnergic line is distinct 
from the isothermal line; for cxam|)le, the 
isothermal line for a saturated vapor is a iTorg. 

straight line parallel to the OF axis, and 
the isocnergic line is represented approximately by the equation 


? 1 



fi 


■fru const. 

Then the area ABba represents the external work, and the area 
bBCc represents the change of inttinsic energy; for if the body be 
allowed to expand adiabatically till the Intrinsic energy is reduced 
to its original amount at the condition represented by A the 
external work bBCc will be done at the expense of the intrinsic 
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SECOND LAW OF THERMODYNAMICS. 

Heat-engines are engines by which heat is transformed 
work. All actual engines used as motors go through conlinupMS : ^ 
cycles of op^ations, which periodically return things 
onginal conditions. All heat-engines are similar in that thoji^^ 
receive heat from some transform part of it into 

and deliver the remainder (minus certain losses) to a refrigeralorg^M, 
e source and refrigerator of a condensing steam-engine 
the furnace and the condenser. The boiler is properly eoml^S 

'■^‘^eives heat from the soured. ■ / 

Carnots Engine. — It is convenient to discuss a simple idorvf 

engine, first described by Carnot. ^ s- X 

Let P of Fig. lo represent a cylinder M'ith non-conductlM^^®'’ 
walls, in which is fitted a piston, also of non-conducting nmfprLl ?= - ■ 

Ij and moving without friction; ons thi 

rin •bottom of the cyllnd#rX;iif 

A;:;.;:.,;.:;::;::, ; V , , IS ^upposcd to bc of a material 

conductor. There is a 

C on whiclLlH* 

constant temperature. >t, at a'B^# 

ot fceat. P.ce otXoL'Si 



CARNOTS ENGINE 2 $ 

(Fig. lo), and let the substance expand at the constant tem- 
perature I, receiving heat from the source A, 

If the first condition of the substance be p 
represented by A (Fig. ii), then the second a. 
will be represented by 5, and AB will be an AN.® 
isothermal. If Ea and are the intrinsic 

energies at A and B, and if W ah represented q a a h 1 v 

by the area aABb^ be the external work, the fio. n. 
heat received from A will be 

Q ^ A (£& — JBa + TFaft) (25) 

Now place the cylinder on the stand C (Fig. 10 ), and let 
the substance expand adiabatically until the temperature is 
reduced to that of the refrigerator, the change being rep* 
resented by the adiabatic BC (Fig. ii). If Ec is the intrinsic 
energy at C, then, since no heat passes into or out of the 

cylinder, o = A {E,- Et+ Wt,) (26) 

where Wu is the external work represented by the area bBCc, 
Place the cylinder .on the refrigerator jB, and compress the sub- 
stance till it passes through the change represented by CD, 
yielding heat to the refrigerator so that the temperature remains 
constant. If Ej is the intrinsic energy at D, then 

_ . . . .(27) 

is the refrigerator, and Wd, represented by 

external work, which has a minus sign, 
fhe subste^ 

by drawing an adiabatic from 4 
to dnt^ill^tS’^ "^be process is completed 

by cpitipiesging; tire $u while the cylinder is on the stand 

VO' {Fig. ip) '^ises 1° *be change being 

°° transfer 
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Adding together the several equations, member to membet, 
Q - Q, = A (W„i + Wv, ~ W^, - W,,) . . (as 


or, if W be the resulting work represented by the area ABCJ^ 
then 

Q~Q,^AW... 


• • • • « 


that is, the difference between the heat received and the heal 
delivered to the refrigerator is the heat transformed into work. 


A Reversible Engine is one that may run either in the usuaj. 


manner, transforming heat into work, or reversed, describin|^^ 
the same cycle in the opposite direction, and transforming WOKK^^ 


into heat. 

A Reversible Cycle is the cycle of a reversible engine. 

Carnot’s engine is reversible, the reversed cycle 
ADCBA (Fig, ii), during which work is done by the englii|i 
on the working substance. ^The engine then draws from 
refrigerator a: c^ain quantity of heat, it transforms a certti| I^M 
quantity of worBihto heat, and delivers the sum of both 
source of heat. ■ ' ^ 


No actual hea^engine• is reversible in the 'sense just 8l:at0i|||^ 
for when the order of operations can be reversed, changing: t?h^& 
engine from a motor into a pump or compressor, the reverA diilM 
cycle, differs from the direct cycle. . Eor^, example, the valv^f^^ 
gear of a locomotive may be reversed; while the train is runningif :||f 
and then the cylinders will draw gases.j;|rdmi the smokc*bojr*.;'|p 
compress them, and force them into the feqileh^ The locpn^qtly!®; 
as ordinarily: hmlt/is hdddm : reye)tSi|dKjh|^ 


ga^s from • the . smoke.hox.ihjure thej;Shif^||t^:,c^. the valves Arid,, 
cylinders. Some'', .locomotives' ; have 'beeh|i^a;^ged;; so tbtit :. tto^^ 


when the engine is';revOT^ed'':im='this.:wa^V£'^f}|^|ife^'^hg^ 
then have a #cVei^j'i^^^;"di:iMng:Atemhvijmp|i|0';'b^ 

the hoUeii:;.; ;hut. -jn; any';.cas0 ■ the ; J 


compressing;: 
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reversed cycle differs from the direct cycle, and the engine is 
not properly a reversible engine. 

A Closed Cycle is any cycle in which the final slate is the same 
as the initial stale. I''ig. 12 represents sxteh a v b 
cycle made up of four curves of any nature 
whatever. If the four curves arc of two species y 

only, as in the diagram representing the cycle o y 

of Carnot’s engine, the cycle is said to be simple. Fm. la. 

In general we .shall have for a cycle like that of Fig, 12, 


g«» -h - SQ == /I w 

»/l (IF\-|-TF6.-l'F„r 


1F,,„). 


p A closed curve of any form may be consid- 

^ general form of a closed cycle, 

V as that in Fig. 13. For such a cycle wo have 

0 _JL /. /* 

Fio.ij. I (/Q e A f (IW, which is one more way of 

stating tlic first law of thermodynamics. 

It may make this last clearer 'to consider the cycle of Fig. 14 
composed of the isothermals A.B, CD, and EG, and the 
adiabatlcs BC, DE, and GA, The cycle ^ 
may be clivklecl by drawing the curve V 
through from C to E. It is indifferent 
whether the path followed be ABCDEGA „ 

or ABCFCDEGA, or, again, ABCFGA -V ^ 



Again, an irregular figure may be 
imagined to be cut into elementary areas by isolhermals and 
adiabatic lines, as in Fig. 15. The summation of the areas will 
give the entire area, and the summation of the works represented 
by these will give the entire work represented by the entire area. 

The Efficiency of an engine is the ratio of the heat changed 
into work to the entire heat applied] so that if it be represented 
by e, . 

^ mu Q ^ 1 ♦ • • I • 




III 
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for the heat Q' rejected to the refrigerator is what is left 
AW thermal units have been changed into work, 
p Carnot’s Principle. — It was first poilti® 

# out by Carnot that the efliciency 

reversible engine docs not depend bnl-fclfi 
nature of the working substance, bul iliHlil 
it depends on the temperatures of lilil 

o V source of heat and the refrigerator, 

Fio. IS. Let us see what would be the cotifiiiil 

, quence if this principle were not tftlSl 

Suppose there are two reversible engines R and A, each takiti^ 
Q thermal units per second from the source of heat, of 
A is the more efficient, so that I 


is larger than 







this can happen only because Q/ is less than Q/, for Q is assuta«|l( 
to be the same for each engine. Let the engine i? be rovorHiiCMdl 
.^nd cpupled to A, whiqh cftn run it and still have left the uscsf'ill 
•^prk — TF,.. This useful work cannot come from 

^ when reversed gives to the soMit|(3^ 
, Q.^ thorinal units per second, and A takra the. same amount Inl 
same tune;,,. It must be assumed to come from, the rcfrlgcrft tolfj 
‘■..Vvhich recei.ves. ,Qoi;. th9ripal:Units per second, .nnd gives up 
; therm£^l units pdr ■SecQ'ndj(ld':that,;lt 4 ps,e^,,'^^^ ; , .1 

thermal units per secGhd;^ -'This 'bqua^^ lrc>l5tj 

equations (32) and (33) :bj^;^tratid^^ 

Now it caniwt be .|^y 

action as that just described is dnipbS^bi^Jjfl^lllhd'drst iy^ 
of thermodynamics is Scrupulously 
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contradiction or formal absurdity of statement. And yet when 
the consequences of the negation of Carnot’s principles arc 
clearly, set forth they arc naturally rejected as improbable, if not 
impossible. The justification of the principle is found in the 
fact that theoretical deductions from it arc confirmed by 
experiments. 

Second Law of Thermodynamics. — The formal statement 
of Carnot’s principle is known as the second law of thermody- 
namics. Various forms are given by different investigators, 
none of which are entirely satisfactory, for the conception is not 
simple, as is that of the first law. 

The following are some of the statements of the second law : 

(1) AU reversible engines working between the same source of 
heal and refrigerator have the same efficiency. 

(2) 7 ' he efficiency of a reversible engine is independent of the 
working substance. 

(3) A self-acting machine cannot convey heal from one body 
to another at a higher temperature. 

The second law is the third general principle of thermody- 
namics; it differs from each of the others and is independent 
of them. Summing up briefly, the fmst general principle is a 
pure assumption that thermodynamic equations may contain 
only two independent variables; the second is the statement of 
an experimental fact; the third is a choice of one of two 
propo-sitions of a dilemma. The first and third arc justified 
by the results of the applications of the theory of thermo- 
dynamics. 

So far as clBcicncy is concerned, the second law of thermo- 
dynamics shows that it would be a matter of indifference what 
working kubstance should be chosen; we might use air or steam 
in the same engine and get the same efficiency from either; 
there would, however, be a great difference in the power that 
would be obtained. In order to obtain a diagram of convenient 
size and distinctness, the adiabatica arc made much steeper than 
the isolhcrmals in Fig. ii; as a matter of fact the diagram drawn 
correctly is so long and attenuated that it would be practically 
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worthless even if it could be obtained with reasonable £ 
mation in practice, as the work of the cycle would hard 
come the friction of the engine. The isothermals for a 
of water and steam are horizontal, and the diagram ta 
form shown by Fig. i6. In practice 
p — ? gram closely resembling Carnot’s c 

I chosen as the ideal, differing mainly 

\| — steam is assumed to be supplied a 

Pio. i6. hausted. In a particular case an 

working between the temperatures 36 
and 158° F. had an actual thermal efficiency of o, 
ideal cycle had an efficiency of 0.23, and Carnot’s cy 
an efficiency of 0.25. The ratio of 0.18 to 0.23 is aboi 
which compares favorably with the efficiency of turbine 
"wheels. 

^ Carnot’s Function. — Carnot’s principle asserts th 
efficiency of a reversible engine is independent of the na 
the working substance; consequently the expression j 
efficiency will not include such properties of the workir 
stance as specific volume and specific pressure. But th 
ciplo asserts also that the efficiency depends on the tempe 
of the source of heat and the, refrigerator, which indeed •; 
only properties of the source and refrigerator that caii 
the working of the engine. 

Y- We Way then efficiency as a function of tl 

petatures of the source of heat and the refrigerator, ot 
amounts to the same thing, as a function of the superio 
peralure and the difference of the temperatures, and maj 


where Q is the heat received, Q' the heat rejected, and ^ 
are the temperatures of the source of heat, and of the .refri| 
on any scale whatsoever, absolute or relative. . t 
_ Jf the temperature of the refrigeratoi: apjprdaphee: iheat J 
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the source of heaL.Q - Q' and I - /' become ^Q and and at 
the limit (IQ and rf/, so that 


(^0 


aat ::o£ 


It is convenient to assume that the equation, can be expressed 
in the form 

The function/ 0 ) is known as Carnot’s function, and physi- 
cists consider that the isolation of this function and the relation 
of the function to temperature are of great theoretical importance. 
Absolute Scale of Temperature, ■— It is convenient and cus- 

tomary to assign to Carnot’.s function the form,^^, where T is 

the temperature by the absolute scale referred to on page 3, 
measured from the absolute zero of temiieraturc. This assumi)- 
tion is justified by the facts that the theory of thermodynamics 
is much simplified thereby, and that the difference between 
such n scalp of temperature and the scale of the air-tlierinometer 
is very small. 

Kelvin’s Graphical Method. —This treatment of Carnot’s 
function was first proposed by Lord Kelvin, who illustrated the 
general conception by the following graphical construction: 

In Idg. 17 let alt and U he two adiabatic lines, and let the 
substance have its condition ^ 
represented by tlie point a. 

Through (t and d draw iso- 
thermal lines ; then the diagram 
abed represents the cycle of a 
simple reversible engine. Draw 

the isothermal line /«, so that ^ v 

the area dee/ shall be equal to ’ 

abed] then the', diagram dec/ 

represents the * cycle of a reversible engine, doing the same 
amount of work per stroke as that engine whose cycle Is repre- 
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sented by abed', and the difference betAveen the heat drawn 
from the source and delivered to the refrigerator — i.e., the lien t 
transformed into work — is the same. The refrigerator of tlie 
first engine might serve for the source of heat for the second. 
Suppose that a series of equal areas are cut off by isothermal 
lines, s.sfegh, hgik, etc., and suppose there are a series of reversible 
engines corresponding; then there will be a series of sources of :^ 
heat of determinate temperatures, which may be cliosen to : 
establish a thermometric scale. In order to have the scale cor- 
respond with those of ordinary thermometers, one of the sources 
of heat must be at the temperatufe of boiling water, and one at 
that of melting ice; and for the centigrade scale there will be one 
hundred, and for the Fahrenheit scale one hundred and eighty, 
such cycles, with the appropriate sources ofheat, between boiling- 
point and freezing-point. To establish the absolute zero of the 
scale the series must be imagined to be continued till the area 
included between an isothermal and the two adiabatics, continued 

indefinitely, shall not be greater than one of the equal areas. ’ 

• ’'n This conception of the absolute zero ’ 

I may be made clearer by taking wide 

1 intervals of temperature, as on Fig. ' 

U , i 8 , where the cycle abed is assumed 

fo extend between the isothermals of » 
0 1 . o® and loo® C.; that is, from freez- v 

to boiling-point. The 
% : " h next cycle, erfe/; extends to — loo® G., 

the third cycle, extends ^ 

c\ w to •^ 200° C. The remaining area, ' 

V\ ^hich is of infinite length and cx- 

- tremely attenuated, is bounded by the 

^'sothermarg/^and thb two adiabatic^ 
and g/?. The diagram of course 
: be Gdmpleted,i' 

t . . , tinently the area- eannot. b©iijtieasured * 

but when the equations to the isothermal and theiabatics’ 

.» known ..can be compuw. So con,p„M.»;#iS!S 
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to bo of one of the three equal areas abed, cdfe, and efhg. 

The al, (Solute jscro is conscqucrltly 273“ C. below freezing-point. 
Further discussion of the absolute scale will be deferred till 
a comparison is made with the air-tlierniometer. 

Spacing of Adlabatlcs.-- Kelvin’s graphical scale of temper- 
ature is clearly a method of spacing isothcrmals which depend.s 
only on our conceptions of thermodynamics and on the funda- 
mental units of weight and length. Evidently the same method 
may be applied to spacing adiabalics, and thereby a new concep- 
tion of great importance may be introduced into the theory of 
thermodynamics. On this conception is Irased the method for 
solving problems involving adiabatic expansion of steam, as 
will be explained in the discussion of that subject. 

In Fig. 19 let an and do 
be two isothermals, and let 
ad, be, tin and no be a series 
of adiftbiuics, so drawn that 
the areas of the figures abed, 
blnic, and Inom arc equal; 
then we Imvc a series of 
adiabalics that are spaced in 
the same manner as are the 
isothcrmals in Figs, 17 and 
18, and, ns with those iso- 
thermals, the spacing depends only on our conceptions of ther- 
modynamics and the fundamental units of weight and length. 

In the discussion of Figs. 17 and 18 it was shown that the area 
of tile strip between the initial isothermal ah and the two adiabatic 
lines must be treated as finite, and that in consequence the 
graphical process leads to an absolute zero of temperature. On 
the contrary, the area between the adiabatic ad and the two 
isothermnls an and do it c,xlendt'd infinitely will be infinite, and 
It will be found that there is no limit to the number of adia- 
balica that can be drawn with the spacing indicated. A like 
result will follovv if the isothermals are extended to the right and 
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upward^ and if adiabatics arc spaced oPC in Ihc same maiii|i||| 
This conclusion comes from ihc fact pointed out on page 
that the area under an isothermal curve which is extended 
out limit is infinite, because heat is continuously supplied, 
part of which can be changed into work. 'IBM 

It is convenient to introduce a new function at||||’:;;|| 
place which shall express the spacing of adiabatit^S^ 
represented in Fig. and which will be called 

From what precedes 'it is evident tlmt entropy hasll^:^ 
same relations to the adialmtics of Fig, rp that temperftitt#;;^ 
has to the isothcrmals of Figs. 17 and 18, but that there ia 
radical dilTerence, that while there is a natural absolute zerij|f^ 
temperature, there is no zero of entropy. Consequently in 
lems we shall always deal with dilTerences of entropy, and if;®2| 
find it convenient to treat the entropy of a certain condition dUm 
given substance as a zero point it is only that we may cou»^;^2J 
and down from that point. 

If tlie adiabatic line ad in Fig. 19 should Im extended 
right, it would clearly lie bencatli the adiabatic «o, which 
with the tacit convention of that figure, i.c., that as apac«d:|||J 
adiabatics arc to be numbered toward tlic right and 
entropy increases from a- toward n, $v|i ■ ' ■ 

The simplest and the most natural definition of entropy tpp yi 
. tlte present considerations, is that entropy is that function ,| 

remains constant for any change represented by a revcrilpl** 
adiabatic expansion (or compression). With this definition ^ 
view, the adiabatic lines might be called isoen tropic Un^.;';U, , 
should be borne in mind that our present discussion is pur||«lyn 
limited to expansion in a non-conducting cylinder closed ’|f it ; 
piston, or to like operations. More complex opcralloni 
that' just mentioned may require an extension of the concci>,tnii)n^^^ 
of entropy and lead to Culler definitions. Such extensions , 

conception of entropy have been found very fruitful in 
physical investigations, and many writers on thermodytit(i^tcj| ^ 
for engineers consider that they get like advantages from 
There is, however, an advantage in limiting the concci)tiott :^| 
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new function, however simple that coiice[)ti<)n may Ijc; and tl\crc 
is an added advantage in being aide to return to a simple con- 
cei)lion at will. 

Efficiency of Reversible Engines. — Returning to equation 
(34) and replacing Carnot’s function / (0 l^y as agreed, wo 
have for the differential equation of the cfTicicncy of a reversible 
engine 

(IQ (II 

Q T 

or, integrating between limits, 

O' T' 

. SI 

Q T' 


and tiro cfiiclcncy for the cycle becomes 


Q 


son 


T - T' 

r 


(35) 


This result might have been obtained before (or without) the 
discussioit of Kelvin’s graphical method, and leads to the same 
conclusion, that the absolute temperature can be made to depend 
on the efliciency of Carnot’s cycle, and may, therefore, be inde- 
pendent of any lliermomctric substance. 

As has already been said, this conception 
is more important on the physical side 
than on the engineering side, and its reit- 
eration need not be conaidcred to call far 
any speculation by the student at this time. 

Graphical Representation of Efficiency. 

— IvCt Fig. 20 represent the cycle of 
a reversible heat-engine. For convenience 
it is supposed there arc four degrees of icmpei'aturc from the 
isothermal AB to the isothermal DCt and that there are three 
Intervals or units of entropy between the acliabalics AD and 



Tiq, ao. 
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BC. First it will be shown that all the small areas into 
the cycle is divided by drawing the intervening aditibfit.t«* ^ 
isothermals are equal. Thus we have to begin with a ^ | 
o = c by construction. But engines working on the 
and b have the same efficiency and reject the same 
of heat. These heats rejected are equal to the heats isO 
to engines working on the cycles c and d, which 
take in the same amounts of heat. But these cngiDCUS; 
between the same limits of temperature and have 
efficiency, and consequently change the same amount 
into work. Therefore the areas c and d are equal, 
manner all the small areas are’ equal, and each 
thermal unit, or 778 foot-pounds of work. 1 

It is evident that the heat changed into work is repr«€Si»i<Hj 

(T - T) ! 

and, further, that the same expression would be obtain eel 
similar diagram, whatever number of degrees there 
between the isothcrmals, or intervals of entropy bctw<»«so| 
adiabatics, and that it is not invalidated by using fraeii«sM 9 | 
degrees and fractions of units of entropy. It is con»e«jft^ 
the* general expression for the heat changed into worlc 
engine having a reversible cycle. \ 

It is clear that the work done on such a cycle increate* mM, 
lower temperature T decreases, and that it is a mnximwUHEi 
T' becomes zero, for which condition all of the hciil ttpigti 
changed into work. Therefore the heat applied is reEpr(it 
by 

Q^T (r ~ r/0, 

and the efficiency of the engine working on 
by Fig. 20 is 

AW O’- O' (T -T') ((!>'- <l>) T-r I 

TXS B5K5 k ;; 

Q Q T * j 

, I 

a^s found by equation (35). The deduction of this 
integration is more simple and direct, but the grapbieasJI 
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is interesting »ncl may give the student ackUtionul light on this 
subject. 

Temperature-Entropy Diagram. — Thermal duigraras arc com- 
monly drawn with pressure and volume for. the co-ordinutes, 
but for some purposes it is convenient to use other properties 
as co-ordinates, in particular temperature and entropy. Tor 
example, Fig. ai represents Carnot’s cycle 
drawn with entropies tor abscissie and tom- 
peratures for ordinates, with the advantage ,j, — ,p‘ 

that indeftnite extensions of the lines arc ^zblllc 

avoided, and the areas under consideration 

^arc evidently finite and measurable. With o 

\ho exception that there appears now to be no »'■ 

necessity to show that tlm areas olrtaincd liy subdivision are all 
equal, the discussion for Fig. 20 drawn with pressures and vol- 
umes may be repealed with temperatures and entropies. 

Expression for Entropy. — One advantage of using the tern- 
ricralure-cntropy diagram is that it leads at once to a method 
for computing changes of entropy. Thus in Fig. 22 let AB 
rci)rc 8 cnt an isothermal cimngc, and let Aa 
A T D tincl Bb be adiabatics drawn to the axis of f/i; 

then the diagram ABlta may be considered to 
be the cycle for a Carnot’s engine working 
between the temperature T and the absolute 

q I L tl ?zero, and consequently having the cITiciency 

unity. The heat changed into work may there- 
fore bo represented by . 

Q 8^ 5f (^<jy (p) ( 3 ^^ 

It we arc dealing with a change under any other condition 
than constant temperature, we may (or an infinilcsinml change, 
write ‘ the expression 

(37 ) 

r«,. H,n rimircv rimnttc nmv cxnress the change of entropy by 
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which ahould for any ]>ni*licutar case either be intcgralcdii^*;* 
between limils or else a constant of integration shonld 
determined. ' 

Alien lion should be called to the fact that the conception 
the spacing of iaothcrmals and adlabatics is based fundambf^^^^ 
(ally on Carnot ’.s cycle and the second law of thermodynami<|^!||^|j^| 
which has been applied only to reversible operations. ThliSlllljl 
method of calculating changes of entropy applies in like 
to reversible operations; and when entropy is employed 
calculations of operations that arc not reversible, discrellQf^"f^i^| 
must be used to avoid inconsistencj’' and error. 

On the other hand, the entropy of a unit weight, of a giv|i|H|^P 
substance under certain conditions is a perfectly deAnile 
tUy and is independent of the previous history of the subslance* 

This may be made evident by the consideration that any polnb; !|^J| 
on the line«o, Fig. ig, page 31, ha.s a certain number of units Ctf 
enlropy'ffor. example, three) more than tliat of any point 
tlie adiabatic arL 

Example. — There. may be an advantage in giving a 
lalion of a cimngc of entropy to cinphasi/c the jioint llial it ean'^i^i 
be represented liy a number. Let it be required to find 
change of entropy during an isothermal ex|)iin8bn of one poun|^^^ 
air from four cubic feet to eight cubic. 

The heat applied maybe obtained by integrating the cxprc8sleif^?''fi:p ' 




JJL iil'V , y \ Ji 

# y « (c,, — A.) ^ ■■ ■ 

(he value of the latent heat having been taken from page 
From the clmracLerislic equation ■ -SI* 


the above expression may be reduced to 
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/-</>“ (fp - fp) loga 
f/i == (0.3375 “ 0.1690) log. 


= 0.0475. 


A jiroblem for siiv is chosen becivusc it cun be readily worked 
out at this place; as a mailer of fact, there are few occasions in 
practice where there is reason to refer lo entroiiy of air. 

Application to a Reversible Cycle. — A very important result 
is obtained by the application of equatitni (37) to the calcula- 
tion of entropy during a reversible cycle. In the first place, 
it is clear that the entropy of a sulistance having its condition 
rcpresenicd by the point a (Fig. 23), <lepends on the a<lial)atic 
line drawn through it; in other words, the entropy depends only 
on the condition of Ihe substance, p 
In tills regard entropy is like intrin- \ \ Vv^ 

sic energy and differs from external \\\\/\^^ 
work. .Suppose now that the sul)- 
stance is made to pass through a 

cycle of oiierations represented l)y I2 ^ 

the point (f tracing the diagram on 

Fig. 23; it is clear that the entropy will be the same at the end 
of the' cycle as at the beginning, for the tracing-point will then 
be on the original adiabatic line. As the tracing-point moves 
toward the right from adiabatic lo adialialic Ihe enlroi-iy 
incrc‘ascB, and as it moves to the left the entropy decreases, the 
algeliraic sum of chiingc.s of entropy being zero for the entire 
cycle. This conclusion holds whether the cycle is reversible 
or non-rovcrsible. The cycle represented by Fig. 23 is iriirposely 
drawn like a steam-engine indicator diagram (which is not 
reversible) to emphasize the fact that the change of entropy is 
zero in any case. 

If the cycle is reversible, then equation (37) may be vised for 
calculating the several changes of entropy, and for calculating 
the change for the entire cycle, giving for the cycle 

J* ( 3 ^ ) 



J 


O * 


• • (38) 
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fel- 




This is a very important conclusion from the second lnw< 
thermodynamics, and is considered to represent that law. The^^f 
second law is frecjucntly applied by using this equation in 
nection with a general equation or a characteristic equation, ’|f 
a manner to be explained later. 

Though the discussion just given is simple and corapltsl^'l ' 
there is some advantage in .showing that equation (38) hql<t« '^ 
for certain simple and complex reversible cycles. ;;j; ;> 

Thus for Carnot’s cycle, represented by Fig. 20, the inccM^'^^Jtf 
of entropy during isothermal expansion is 


<J>' — (J) ^ “ 7'i/ T’ 


because the temperature is constant. In like manner 
decrease during isothermal compression is 

tf) — <y 

so that the change of entropy for the cycle is 

T r 






But from the elTicicncy of the cycle we have 




T - r 


. Q' T' 
Q T 


T V 


A complex cycle like that represented l)y Fig. 24 

broken up into two simple cycles AJSI^^; 

’’ *V and CDFB, for each of which indlviduttl^f , 

the same result will be olilaincd lhal‘ 

'OsB the increase of entropy from A to B 1 ^ 

equal to the decrease from F to 6’,, sittdl, ■ 

^ increase from C to D is equal to tfe|- |fj 
''' decrease from T£ to F, so that the 

tnation of changes for the entire cycle gives zero. 
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Fig. 25 represents the simplified ideal diagram of a hot-air 
engine, in which by the aid of a regenerator the adiabatic lines 
of Carnot’s cycle are replaced by p . 

vertical lines without affecting the ^ 

reversibility or the efficiency of the 
cycle. We may replace the actual 
diagram by a series of simple cycles 
made up of isothermals and adia- 
batics, so drawn that the perimeter 
of the complex cycle includes the 

same area and corresponds ap- IS ^ V 

proximately with that of the 

actual diagram. The summation of the change of entropy 
for the complex cycle is clearly zero, as before. But by 
drawing the adiabatic lines near enough together we may 
make the perimeter approach that of the actual diagram as 
nearly as we please, and we may therefore conclude that the 
integration for the changes of entropy for that cycle is also zero. 

Maximum Efficiency. —In order that heat may be trans- 
formed into work with the greatest efficiency, all the heat should 
be applied at the highest practicable temperature, and the heat 
rejected should be given up at the lowest practicable tempera- 
ture ; this condition is found for Carnot ’s cycle, which serves 
as the ideal, type to which we approach as nearly as practical 
conditions allow. Deviations from the ideal type are of two 
sorts, (i) commonly a different and inferior cycle is chosen as 
being practically more convenient, and (2) the material of 
which the working cylinder is made absorbs heat at high tem- 
perature and gives out heat at low temperature, thus interfering 
Avith the attainment of the cycle selected. 

The principle just stated must be accepted as immediately 
evident; but there may be an advantage in giving an illustration. 
The complex cycle of Fig. 24 is made up of two simple Carnot 
cycles ABFG and CDEP\ if two thirds of the heat is applied 
during the isothermal expansion AB at 500° C., and one third 
during the expansion CD, at 250° C., and if all the heat is re- 
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jected at 30° C., the combined e/licicncy of the diagram rrMi.yj 
computed to be 


.L I X 


0.56; 






3 500 -I- 273 3 250 -I- 273 " || 

had the heat been all applied nt 500° C., the efficiency wq. 
have been 

.SoojZJo. .. 0.6,. 5 

500 H- 273 I 

The loss in this case from applying part of the heat at 
temperature is, therefore, I 


0.63 “ o. 


0.097. 


Ifon-reverslblo Cycles. — If a proccH.s or a cycle is noti ”rq| 
sible, then the change of entropy cannot be calculated l»y ®< 
tion (37), and ecpiation (38) will not hold. The entropy | 
indeed, be the same at the end as at the beginning of tli«! c;| 

but the integration of ^ for the cycle will not give smkto. I 

the contrary, it can be shown that the integration of f'O'i 

entire cycle will give a negative quantity. Thus let 
reversible engine A take the same amount of heat per 
the reversible engine R which works on Carnot's cycle, 
it have a less efficiency, so that i 

0-0.' (?-(?' I 

0^^ 0 j 

where Oi' represents the heat rejected by the engine » '|j 

0-0/ < 0-0'“- (r- r) (<)!>'-</•) . - i 

Suppose now that T' approaches zero and that (j)' approaaisllj 
then at the limit we shall have | 

rfQ, <rfO-r#, j 

or I 

< thj). 
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Integrating for the entire cycle, we shall have 



(41) 


where — N represents a negative quantity. The absolute 
value ol N will, of course, depend on the cfl'icicncy of the non- 
reversiblc engine. If the efTicicncy is small contpared with that 
of a reversible engine, then the value of N will be large. If 
the efficiency approaches that of a rcversililc engine, then N 
approaches zero. It is scarcely neccssuiry to point out that N 
cannot be positive, for that would infer that the non-re vcrsiljlc 
engine had a greater efficiency than a revensililc engine working 
Ijelween the .same icmpcralures. 

Some non-reversible operations, like the flow of gas through 
an orifice, result in the development of kinetic energy of motion. 
In such case the equation representing the distribution of energy 
contains a fourth term K to represent the kinetic energy, and 
equation (15) becomes 

(IQ ^ A {(IS -I- dl + dW -I- (IK) . . . {42) 

As before S represents viVirution work, I represents disgregation 
work, and W represents c.xternal work. If the vibration and 
disgregation work cannot be separated, then we may write 

dQ A {<m -I- dW I- (IK) 0l3) 

If a non-rcvcrsiblc process like that just discussed takes place 
in apparatus or appliances that are made of non-conducting 
material, or it the action of the walls on the substance contained 
can be neglected, the operation may properly be called adiabatic; 
such a use is clearly an extension of the idea stated on page 3a, 
and conclusions drawn from adiabatic expansion in a closed 
cylinder cannot be directly extended to this new application, 
Such a non-rcvcrsiblc operation is not likely to be Isocntropic, 
and there is some advantage in drawing a distinction between 
operations whicli arc isocntropic and those which arc adiabatic. 
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A non-reversiWc operation in non-conducting rccoi>tacle« 
isothermal, or may be with constant intrinsic energy, 
apiJcar in the discussion of flow of air in pipes on page 3®®| 
the discussion of the steam calorimeter, page 191 . Any ] 
reversible process is likely to be accompanied by an |ilicr«9<ii 
entropy; this will appear in special cases discussed 1*1 
chapter on flow of fluids. | 

Since the entropy of a pound of a given substanee i 
given conditions, reckoned from an ariflirary zero, is a perj 
definite numerical quantity, it Is possil>lc to determine its* €Sii| 
for any series of conditions, without regard to the metb| 
passing from one condition to another. It is, tliercfore, a-J 
possible to represent any changes of a fixed weight of 
stance, by a diagram drawn with temperatures and eiil| 
for co-ordinates. If the diagram can be properly iriterpl 
conclusions from It will be valid. It is, however, to he l»oi| 
mind that thermodynamics is essentially an analytical 
ical treatment; the treatment, so far as it applies to en 
is neither extensive nor difficult. But the student ia eaul 
not to consider that because lie has drawn a diagram r«3pi| 
ing a given operation to llic eye, ho necessarily a, | 

conception of the operation. If any operation tn, volv| 
increase (or decrease) of weight of the substance opcsrsat<| 
thermal diagrams are likely to be dilTicult to devise ttuci | 
to misinterpretation. j 


I 









CHAPTER IV. 


GENERAL THERMODYNAMIC METHOD. 


In the three preceding chapters a discussion has been given 
of the three fundamental principles of thermodynamics, namely, 
(i) the assumption that the properties of any substance can 
be represented by an equation involving three variables; (2) the 
acceptance of the conservation of energy; and (3) the idea of 
Carnot’s principle. In the ideal ease each of these principles 
should bo represented by an equation, and by the combination 
of the three several equations all the relations of the properties 
of a substance should be brought out so that unknown proper- 
ties may be computed from known properties, and in particular 
advantage may be taken of opportunities to calculate such prop- 
erties as cannot be readily determined by direct experiment from 
those which may be determined experimentally with precision. 

Recent experiments have so far changed the condition of 
affairs that there is less occasion than formerly for such a general 
treatment. Of the three classes of substances that arc interest- 


ing to engineers, namely, gases, saturated vapors, and super- 
heated vapors, the conditions appear to be as follows. For 
gases there arc sulTicicnt experimental data to solve all problems 
without referring to the general method, though the ratio of the 
specific heals is probably best determined by that method. For 
saturated steam there is one property, namely, the specific vol- 
ume, which is computed by aid of the general method, but there 
arc experimental determinations of volume which are reliable 
though less extensive. The characteristic equation^ of super- 
heated steam is now well determined, and the specific heat is 
determined with sufficient precision for engineering purposes, 
so that there is no difficulty in making the customary 
calculations. 
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GENERAL THERMODYNAMIC METHOD 

The one class of sul)sliinccs for which llu* ncccssiiry 
must be computed by aid of the general ineihod, are ; 

tile fluids like ammonia and sulphur dioxide, whicli a*’®| 
for refrigerating machines. I 

On the whole, even witii conditions as staled, it t«s 
that the student should master the general 
method, given in this chapter. Tliat method is 
nor hard, and is so commonly accepted that student* «trh^ 
mastered it will have no diflkulty in reading siantlat*"*^* J 
and current literature involving thermodynamic 
Those cases remaining where the general meihnti or is* «i 
lent must be used, arc best trenlefl Iry that melliod, «»»»«* j 
case of volatile fluids cun be treated only liy that mril^^i 
The. case having been presented as fairly us 
pretion may be left with the student or his insiniel«»r 
he shall read the remuintler of this cluipler liefore prcN«i 
or whether the chapter shall be altogether omitted. I 

' The following method of combining the three geneiml 
ciplcs of thermodynamics, which is due to Lord KcK^t**» *M 
on the use of the expression | 

th- S’.v i 

hyBz hBy I 

.. as the basis of an operation. This expression is gen^rml| 
as a criterion to determine whether a certain difrcr«5ii*t:ias| 
exact differential that can be integrated directly, or ^ 
some additional relation must be sought liy aid of wli;|| 
expression may be transformed so that it can be Jnic^^ii tip^ 
Conversely, if wc know, from the nature of a glvts** n^i 
like intrinsic energy, that it can be always calculated for | 
condition as represented by two varial>le« like leniiM^rafeii 
volume, then wc are justified in concluding ilial the esepuri^ 

^ “ Bihv “ , 

must be true and that wc can use it as the Iwsis of an c#p®i 
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Now in laying out a gontTal niethod it is impossible to select 
any purlieulur tlutractcrislk equation, and for that reason, if 
iKt otlu'.r, live form of the integral equation connecting 11 with 
/ mu I V cannot l>e assigned. Hut the fact remains that the possi- 
bility of w(jrking out any metluKl depends on the assumption of 
tlie ultimate [lossibility of writing .sucli an etjuation, and that 
assumption carries with it the assumptum that dE is an exact 
dilTerential. 

Application of the First Law. The fiLst general principle 
may be taken to be re|)resented b)' equation (i), 

flQ « (,tU d- Uvt 

and the fir-st law of thermodynamics by equation (i6), 
dQ A {dE + di'K) «« A {dE'\' pdv). 


Coinhlnlng these equations gives 


dE^ 




dl + 




and comparing with the general form. 


it Is evident that 


8/*: ,, , 8/-; , 
dh “ dt -h dVf 


I 


SB c. , SB 

IT’ 4 J 


Now equation (,pi) Is an abbreviated way of writing Iho 
expression for continued differentiation which may be expanded 






general thermodynamic method 

or replacing the first partial cliffcrcntial coeflicimus by ihclf 
equivalents) 


I 

Si( 

A LwA 




^^1 
<SvJfJ 


in 

Sf 



the subscripts being written to avoid possible confusion 
otlicr partial (lilTcrcniial cocflicicnts to be deduced later. 

From the first law of thcrinodynumics and equation (a) 
have in like manner 

dQ ■« A (dE + « Cpdl -I- mdp. 

Since the differential dv is inconvenient, we may replace it by 
dv 

so that 

A {dE P *“ 'I' 

... aE - (^- - +(2 -• i>|~) dp. 




h 1, , , 

fpdpi^^dt, 


'■JSii 


Making use of the equation 
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lUU iht itssumiuion <»t ii churnclcrislle etjuiUion connccling 
p, T, uiul I currius with it itu* usHumplion llmi 

B^r Wp' 


BO tllitt 



Agilin, from I’tiuiition (;0 wt* nmy have 

tl(J *» A (flii h »«//» !■ «*'• 

jj lip I ^’1 '■ p'j*!^- (4?) 

or, makinfn ime of 

h’K ^ 

BfBp BpBv* 



Application of tho Second Uw. — "riic umintl law of ihermo> 
tlynnmlM mn be expreasctl by cquHiion (.58), piiRC 37 j 


j 


which FiittUfs or d^i an exact tlilTcrcniiftli so tluil wc may write 


H 

Bv8/ a/Si.* 


To prcp^irt' (t) for Ihfe jraiii^foritialtoiii wt* nit\y wrJlo 

# - 4 -rfi', 
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SO that the preceding equation gives 


S fc. 


Sv Vl 


B /r 

B([r. 

/Bi 


"t[Bv), ■ 




or 


(D 


^ I 
\Bv/i’° T 
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■ . Performing a like operation on equation ( 2 ) wc have 


^ == H- 


•f -.SS/i:. 'Cljf,*''' ; 0" ■ 

■I r*'- 




° f'f 

Bp\T} Bi\t> 


ih 

BiV 


— m 


^ oni\ 

V. L/^\ 

• i ' " ■ ' • • i^\ YM w 

■ ’* WA~,te;r"? (so: 


Again, from equatioiii;' (3,;i '>e :;i^^^^^^ 


■■ ., -vj; ■ ,;r 

- ’• • • ' ' V'/. ''m. '<>' 'y"/\' , 





First and -Second ' Laws 'Cohliiwipiy-i ■ ; ' 
both the first and seGofia|i^^^j|[ 


to the 
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ctlualions (i), (a), un«l (.55) may lie obtaineil by comliining ihe 
ctiiutiions resuUing from the uji|ilu-alUm of ihe laws seiiiirtuely. 
Tims et[Uuliona Ois) anil (*|g) give 


S(> I 

Ti ’ 7 i 

/ 

f 

• • ’ (s^) 

1:50) give 



,h< _ 

tV ”” 

i m 

A f 

» - • (53) 

and (sO gi 

ve 



6 / ^i/\ 

Bf “ fie) ■ ■ 

. - • (5-1) 


k is mnveniinl lu transform lliis last i't|tiiuum by taking 
values of n nml « from |mge la. yiekling 

rl V‘ ‘g"*!™ < * • • • • (55) 

ll- So 


• (55) 


The equations dwlueeil in this thni»ter filiovv the nctesanry 
rciniions uinong the thermal (inmiilies if the laws of thermo* 
ilynnrnics are ince|»letl. Some of them, or equalionH declui eti 
from litem, have la-cn uawl by writers on thermislyimmics to 
establish relations or eomimie [iroiieriie# that laniiot be readily 
obtained by dirwl exiarrimenis. 

For the student fnrnlHariiy with the iiriHeMes is of more 
Importance than any of ilie results. 

AUeroatlve Melhotl. - ” Some writers on ihermiKlyrtamlts re 
serve ilte diacusston of lem|a‘rature until they are ready to 
define or assume an al»«hile ju ale imlcpentlenl of any sulwiance 
and de|»cnding only on the fundumenuti units of length and 
weight. Of the three general equations (t), (a), and f;t) they 
use at first only the latter: 

(/Q « «<//> + Of/ih, 


GENERAL THERMODYNAMIC METHOD 


Now from equation (i6), representing the first law of thermo- 
dynamics, 

dQ = A {(IE -h j>d'v)f 

it is evident that dQ is not an exact differential, since the cquA' 
tion cannot be integrated directly. The fact that in certain 
cases p may be expressed as a function of v, and the integral 
for external work can be deduced, does not affect this general 
statement. Suppose that there is some integrating factor, 

which may be represented by so that 

o 

(IQ n ^ 0 j 
-^-^df + -dv 

may be integrated directly; we may then consider that we Imvo 
a series of thermal lines represented by making 


const., 


const., 


“ const., etc. 


These lines with a series of adiabatic lines represented by 

»= const., <{>' = const., (j)" « const., etc., 

allow us to draw a simjjle cycle of operations represented by Fig. 
25a, in which AB and CD are represented by the equations 

' \ i- C, andi-C-, 


“ ^0 while AD and BC are adiabntics. The effi- 
^ ^ ciency of a reversible engine receiving the 
^ ***• heat Q during the operation AB, and reject- 

ing the heat Q' during the operation CD, will be 

, „ 0^ ^ -IE. 

Q Q 

But is an exact differential, and depends on the state of 
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the substance only, and consequently is the same at the end as 
at the beginning of the cycle, so that for the entire cycle 


If- 


Now during the operations represented by the adiabatics AD 
and BC no heat is transmitted, and during the operations rep- 
resented^ by the lines AB a,nd CD, ~ is constant*, consequently 
the integration of the above equation for the cycle gives 


S S' 

. 0 - 0 ' 
“ Q 


s_^zJL. 
s ' 


that is, the efficiency of an engine working on such a cycle depends 
on 5 and S', and on nothing else. 

Zeuner’s Equations. — A special form of thermodynamic 
equations has been developed by Zcuner and through his influ- 
ence has been impressed to a large extent on German writings. 
These equations can be deduced from those already given in 
the following manner. 

From the application of the first law of thermodynamics to 
equation (3) we have equation (47), page 47, 




be,. , 


so that 


These properties Zeuner writes 

„ Be 


Be 
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In these equations « is the coeflicicnl of dilatation, or i + i, is 
equal to '1\ and 




If this derivation of Zeuner’s equations is borne in mind, the 
treatment of thermodynamics by many German writers may be 
readily recognized to be only a variant on that developed by 
Clausius and Kelvin, 
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PERFECT GASES. 

The characteristic equation for a perfect gas is derived frbr||^^^ 
a combination of the laws of Boyle and Gay-Lussac, 'vhic|||^^| 
may lie stated as follows: 

Boyle’s Law. — When a given weight of a perfect gas is com- 
pressed (or expanded) at a constant temperature the product 
of the pressure and the volume is a constant. This law is nearly S;;:||^ 
true at ordinary temperatures and pressures for such gases 
oxygen, hydrogen, and nitrogen. Gases which arc, readll|||^^ 
liquefied by pressure at ordinary temperatures, such as ammonIiiX;|X^^ 
and carbonic acid, show a notable deviation from this law. " 

law may be expressed by the equation 

. “ Pi^^i 

in which />i and v, are the initial pressure and volume; p is anytl M^ 
pressure and v is the corresponding volume. : 1* 


pressure and v is the corresponding volume 
Gay-Lussac’s Law. — It was found by Gay-Lussac that 
volume of gas at freezing-point increases about 0.003665 of 
volume for each degree rise of temperature. Gases which aii|||^^ 
easily liquefied deviate from this law as well as from 
law. . In the deduction of this law temperatures were measvir^ll^® 


on or referred to the air-thermometer, and the law therefdi'ii ^^a 
asserts that the expansibility or the coefficient of dilatntloijpi^j^^rf 
perfect gases is the same as that of air. Gay-Lussac’s law 


(57) 




■ f ' 


be expressed by the equation 

w » Vo *!■ .0:/) 

In which Vo is tlie original volume at freezing-point, a Is 
coeffieient of dilatation or the increase of volume for one clegtccjfi 
rise of temperature, and v Is the volume corresponding 
temperature / measured from freezing-point. 

S4 
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Characteristic Equation. — From equation (57) we may 
calculate any special volume, such as v„ getting 

Vi =«"• Vo (i -I- «/)• 

Assuming that /», in equation (56) is the normal pressure of 
the atmosphere pt), and substituting the value just found foi Vj, 
we have for the combination of the laws of Boyle and Gay- 
Lussac 

>=»/»oVo (l + I- > • • • (58) 

If it be assumed that a gas contracts « part of its volume at 
freezing-point for each degree of temperature below freezing 

then the absolute zero of the air-lhermomeier will be ~ degrees 
below freezing, and 

may be replaced by T, the absolute icmpcrnlure by the air- 
thermometer. 

The usual form of the characteristic equation for perfect 
gases may be derived from equation (58) by substituting To, 

the absolute temperature of freezing-point, tor - , giving 

■pv ««a T w RT (so) 


B 




where 72 is a constant representing the quantity 

. «. 

i 0 

For solution of examples it is more convenient to write equa- 
tion (59) in the form 

u (60) 

PROPERTY OF 








gg perfect gases 

Absolute Temperature. ~ Recent investigations of the prop 
erties of hydrogen by Professor Callender * indicalo that Iho 
absolute zero is 273M C. below frcezing-pmnt. 11ns docs 
not differ much from taking a - 0.003665 as given by RcgmuiU,, 
for which the reciprocal is 272.8. In this work wc shall 
for the absolute temperature 

. j* =3 / + 273° centigrade scale. -f’;:' 

T t -V Fahrenheit scale. 

These figures are convenient and sufficiently exact. 

Relation of French and English Units. l‘ov the purpose ot 
conversion of units, from the metric system (or vice versa) lh(^ 
following Values may be used: 

one metro »» 39*.17 inches, 
one kilogram =■ 2.20/16 pounds. 

Specific Pressure.— The normal pressure of the almoaphcre 
is assumed to be equivalent to that of a column of mcrciiryi 
760 mm. high at freezing-point. Now llcgnault t gives foe 
the weight of a litre, or one cubic decimetre, of mercury rs-SOSd 
kilograms; consequently the specific pressure of the aimosphtW 
under normal conditions is 

Pi 10,333 kilograms per square metre. 

Using the conversion units given above for reducing 
specific pressure to the English system of units gives 

«. 2116.32 pounds per square foot, j 

which corresponds to -..ti:] 

14.697 pounds per square inch, 

0*“ . . r 

29.921 inches of mercury. 

It is customary and sufficient to use for the pressure of tftl 
atmosphere 14.7 pounds to the square inch. ; ? 

• Phil. Mag., Jnn., 1903. 
t Mimoirei dc I’lmUM da Pram, vol. xxl. 
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specific Volumes of Gases. From recent detcrmiimUoiiH of 
densities of gases by Leduc, Morley, and Ruleigli it iipijcurs lluit 
the most probable values of the specific voliJim; of the comraonor 
gases are 

VOT.UM1CS JN t’lnnc MIsTRI^S Ol-' ONI') KlLlXtRAM. 

Atmospheric air o- 77.33 

Nitrogen 0-7955 

Oxygen 0,6996 

Hydrogen n. 133 

Tlie corresponding (luanlllies for English tmits tire given in 
the next table; 

VOLDMKS IN t;i’llic I'KK’f Ul-' ONIt I'OUNn. 

Atmospheric air 13.39 

Nitrogen ia.74 

Oxygen 11. at 

Hydrogen 178.3 

To tlicse may be added the vnliic for carbon dioxide, o.,<io6 
cubic mclre per kilogram or 8.10 cubic feet per pound; but 
as the critical (emperiilure tor this substance is about 31® C., or 
88° F., calculations by the equations for gases are liaide to bo 
affected by large errors. 

Value of /f. The constant Ji which appears in the iisunl 
form of the characteristic equation for a gas represenlM ihu 
expression 

£j&i . 

T„ 

Tlie valiit'.s for R corresitonding to the French and the English 
system of units may lie calculated as follows! 

I'Yench units, li „ 29,37 . , {61) 

37.3 


English units, R 




“ .S.3-.35 


(6a) 


Value of R for other gases may be calculated in a like manner. 
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Solution of Problems. - Many problems involving the propo1‘^||| 
ties of air or other gases may be solved by the charactcrlsl^|%| 

.pv = RT, 

or by the equivalent equation 


T ' 1 \ 




which for general use is the nrorc convenient. ■■|| 

In the first of these two equations the specific pressure andj::^ 
volume to be used for English measures are pounds per square g 
foot and the volume in cubic feet of one i)ound. 

For example, let it be required to find the volume of 3 poun(lSi||; 
of air at 60 pounds gauge- pressure and at 100° F. Assuming tt 
barometric pressure of 14.7 Po«>ids per square inch, 

, . '".Si 

^ ^ 1135 ( 459-5 H- 100) ^ a.yy,|. cubic feet . ;.>i 

^ (14-7 + <») M4 ' .f 

is the volume of i pound of air under the given conditions, ct^^|xg 
3 pounds will have a volume of AllilP 

3 X 2.774 “■ 8.322 cubic feet. 

The second equation has the advantage that any unltsiOTj^ 
■bo used, and that It need not be restricted to one unit of wolgltlli^ 
For example, let the volume of n given weight of gas, at ioci|®|| 
and at atmospheric pressure, be 2 cubic yards; required 
volume at 200® C. and at 10 atmosplieres. Here * 

10 V 1X2 


yj . •• • •■hfvVVV^? 

y „ d 73 ^ ? ■ =, 0.2536 culiic yards. 

10X373 

Specific Heat at Constant Pressure. — The specific heat ip^i 
true gases is very nearly constant, and may be considered to ^ 
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SO for ihermodyniimic ircjualions. Rcgntuill gives for the mean 
values for spccilic lieat at conslunL pressure the following resulls: 

Atmospheric air ^ o>'->37.'> 

Nitrogen 

Oxygen 0.2175 

Hydrogen 3'40<> 

Ratio of the Speciac Heats. ™ By a special experinieiu on 
the adiabatic expansion of air, Rdnlgen* determined for llie 
ratio of the* siiecinc heats of air, at constant itre.ssure unci at 
constant volume, 

K «» I..I05. 

This value agrees well with a computation In follow, which 
depends on the applkalion of the laws of Iherinotlynantiics to a 
perfect gas, and also with a determination from the theory of 
gases by Lovct that the ratio for air should he 1.403. If the 
given value for this ratio be acceplcd the remainder of the work 
in Ibis chapter follows without any reference to llie laws of 
thermodynamics. 

Application of tho Laws of Thermodynamics. The preced- 
ing sliUcments concerning the siiccific lieals of (lerfei'l gases 
and their ratio would he satisfactory were it dcl'mitely deiermincd 
by experiment that the specific heat at consinnl volume is as 
nearly conalunt as is the specific hciil at constant iiressure. 
None of the experimental determinations (not even that liy Joly t) 
can be considered as siiliafnclory ns tliose for the specific heat 
at constant pressure; conscc|iiently there ia conaidcruble impor- 
tance to be attached to tlie application of the laws of thermo- 
dynamics to the characteristic equation for a perfect gas, and, 
moreover, this application tiimishes one of the most stiiisfiictory 
determinations of tlic ratio of tlic specific licals. 


^ Poggcmlorfr*« Anmthfti vol, cicIvUl, \h sHsj, 

t Phih MHu JwJy* 

j Pm. Pffyai Soc,^ vf»l, xli, \h 18H6. 
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It is convenient at this place to make the application ot th^ 
laws of thermodynamics by aid of equation (55), page 49. , j.. .j. 

Cp ~ c„ =* • (63) , 

Sv Sp ■ > 

From the equation ■ vjg 

pv Ri , 

we have ^ ^ 

Si' 7f’S/» li 

Cp Cf “ AR . < . » . 1 ( 64 ) 3 :;'j 


we have 


This equation shows conclusively that if the characteristic 
equation is accepted the differences of the spccidc heats must bo 
considered to be constant, and if one is treated ns conslanl m , 
also must the other. Conversely, the assumption of constant 
specihe heats for any substance is in effect the assumption 
the characteristic equation for a perfect gas, 

The solution of equation (64) for the ratio of llie spcclrtc ;: 
heats gives 


426.9 X 273 X 0.3375 ; J 

For those who have not read Chapter iV, the following dcrlva^ ' 
tion of equation (64) may be interesting. In Fig. 36 let ah repw* 
c o 6 sent the change ot volume at constant pressuro duei 
V ^ to the addition of heat CpM wlierc At is the increaiii’ 
of temperature ; and let cb represent llio change; of 

_g j pressure due to the addition of hcalc,i^/| if ac it 

p«ct. >6. an isothermal, the latter change of temperature will; 
bo equal to the former, but the heat applied will l)C less on accouifi 
of the external work pAv (approximtely). Consequently, ' 

Cp — Cp ^ 
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tlie last transformation making use of the partial derivative 

Sv R 
St " p 

Thermal Capacities. The values of the several thermal 
capacities for a perfect gas were derived on page 12 and may Im 
written 


I m ^ {Cp ■" f#) « ~ (fj. - ’ 


; (f|i — /'») 


' (fji c») • • (f^7 ) 


M >»■ r; C„ *» ~ f * 

R p 
0 ^ f'p ~ 


(f'O) 


•the transformations in equations (66) and (67) being made by 

aid of the characteristic equation. 

General Equations. —To deduce the general cquatlona for 
gases from equations (1), (2), and (3)1 it is only necessary to 
replace the Icltcra I, m, n, and 0 by their values Just obtained, 

giving . j, 

e°> 

I (R C/ -w ^4 V ^ y ^IQ „ c^di q. ~ 'jdp (71) 

f/g « c, “ f//» + Cp - f/v 

• # 

Isothermal LlnQ.--The equation to lite Isothermal line for 
a gas is obtained by making T 11 constant in the characteristic 
equation, so that 

pv R 1 PiV\t 

pf) m pxVi ..»<<• (73) 

This equation will be recognised as the expression of Boyle’s 
law. It is, of course, the equation to an equilateral hypcrliola. 
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To obtain the external work during an isothermal expansijba 

we may substitute lor ^ in lh» expression ;|Sij 

from the equation to the isothermal line just stated, « 9 in||^^^ 
limits the Anal and initial vo^mes, v, and v„ ■ 

^lU, /'l^'l iog,^_^> . . ■ 


Sil^^ 


If the problem in any case calls for the external work of ct||^^ 
unit of weight of a gas, then v, and Vj must be tlm initinl;ap^^ 
final specific volumes; but in many cases the initial and ii||^|j| 
volumes are given without any reference to a weight, and 
then sufficient to find the external work for the given expani^J^ 
from the initial to the final volume without considering 

or not they arc specific volumes. _ „ 

The pressures must always he specific pressures ; m the lt,n^|||||J 
system the pressures must be expressed in pounds on the 
foot before using them in the equation for external work, oS»||U^ 
that matter, in any thermodynamic equation. ' ;®lp3 

■ For example, the specific volume of air at frecxing.polnti||^^ 
lilt- 14.7 pounds pressure per square inch is about 13.4 cublcsji!|^^^ 
’at the same temperature and at 29.4 pounds per square inch' ||© 
specific volume is 6.2 cubic feet. The external work durfcf gj 
an isothermal expansion of one pound of air from 6, a to 
, cubic ifeet is 


pdv 

Jpi V 


PlVi log#!? 




29.4 X 144 X 6.2 log, ^ =» 18,1.90 foot-pounds, 






For example, the external work of isothermal expansion 
i 'ficeubic feet and 60 pounds pressure by the gauge to a 
'; ::o{' 7 cubic feet is ■ 

: ^''ii^'.=^.,(6o 4 * 14.7) 144 X 3 logi'j^ »» 27,340 foot-pounds,' 
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In both ])roV)lcms the in’cssure per square inch is multiplicrl 
by 1^14 to rciluce it to the sf|Uiirc toot. In tiie lirst prolilem the 
pressures arc uljsolute, that is, they are measured from zero 
pressure) in the second problem the i>ressure by the Kauge is 
60 pounds aliovc the pressure of the atmosphere, whicli is here 
assumed to be 14.7 pounds iier sciuare inch, and is added to 
give the absolute pressure. In careful experimental work the 
pressure of the almosiihere is measured by a barometer and is 
added to the gauge-i»ressure. 

iBoenergic Line. — The isothermal line for a perfect gas is 
also the isoenergic line, a fact that may be proved us follows: 
The heat applied during an isothermal exjtansion may be cal- 
culated by making T a constant in e(|iialion (70) and then 
integrating; thus: 

Q ((',, — f „) 7’i 


r'’dz 

V 


C») 7 ‘i logg- 


er, substituting for fj> 

(Q .«• AR'I\ 


in) 


A comparison of equation (75) with equation (74) shows 
that the heat applied during an isothermal expansion Is equiv- 
alent to the external work, or we may say that all the heal applied 
is changed into external work, so that the intrinsic energy is not 
changed. This conclusion is liaseti on the assumption that 
the properties arc accurnlcly represcnied by ilic clmracteristic 
equation and tlml the specific heals arc consliint. As both 
assumptions arc approximate so also is the conclusion, as will 
appear in the cliacussitin of flow through a porous plug. 

An interesting corollary of the discussion jimt given is that 
an infinite isothermal expansion gives an infinite amount of 
work. Thus the area contained between the 
axis OV (Fig. 27), the ordinate ab, and the 
isothermal line aa extended without limit is 
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This may also be seen Irom the consklcrnLion that if hcatljo" 
continually applied, and all changed into work, there will b.c'!tS:^^8 

limitless supply of work. ' . 

Adiabatic Lines. — During an adiabatic change — for 
pie, the expansion of a gas in a non-conducting cylinder — hoat;4i,2« 
is not communicated to, nor abstracted from, the gas; 
quently (IQ in equations (70), (71), and (72) becomes zcrp. '/AiJ* 




]■! jt ■Va'n ■■ i V ■ 

''^1 ' 




From equation (72) 

0 *353 (IQ 


T T 

c,^(lp H" c^-(lvi 




Cjtdv^ ^<IJL, 


■■• ‘"8‘ (^r (7) 

' c , M 

The ratio J of the specific heats may be represented by k, and 
the above equation may be written : 

^ .•. V*/) M V,*/q “ const {77) * 






I Mk > Thl$ is the adiabatic equation for a perfect gas which la mcmi 
" ‘ frequently used. If adiabatic equations Involving other vttritt« 

''"'-'bleSi such as v, ami r„ arc desired, they may be derived Itqm- - 






equation (76) by aid of the characteristic equation, which 
-this purpose may be written 




B^hSlx, 
T 7 \ 


mimm 


-,-y,v ;•!•': d- s';-:-:'-.*.' 
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so that 


■and > 
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Or equations (78) and (79) may be deducod directly from 
equation (70) ns equations (76) and (77) were from equation 
(72). 

In like manner we may deduce from ci|iiulion (71) 

^ ’ 

or we may derive it from equation (76). 

To find the external work the cqmuion 

]V m j* pdv 

may be used after subslitulinK for p from e(|tialion (77) 




_ /_J™. 


1 pdV ^ 

• V 

« — 1 \Va*~' 

1 


j . . . 

In Fig. 28 the tircn between the axis OV, p 
the ordinate ha, and the adiabatic line a« ex* 
tended without llniU;, becomes 

( pp ™ jCjST., \ U 

' ' « t ) 


. . (80 


tO_ I''.,™.™-! 

I ' m . ii . 


and not Infinity, as Is the ease with the Isothermal line. 

Here, as with tho calculation of external work during iao 
thermal expansion, specific, volumes should be used when Ibo 
problem Involvea a unit of weight; but work may be calculated 
for .any given initial and final volumes without considering 
whether they arc specific volumes or not. The pressures are 
always pounds on the square fool for the English system. 

For example, the external work of adiabatic expansion from 
3 cubic feet and 60 pounds pressure by the gauge to the volume 
of 7 cubic feet is 

pp 69 i I ^ ' I « 33,r<|o foot-i'munds, 

a. 405 — I ( \ 7 / ) 
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Change of temperature during such an expansion may be 

calculated by the equations 

(85) 

Tp « = T,Pt ” ( 86 ) 

which may be deduced from equation (84) by aid of the char- 
acteristic equation. ^ 

as equation (79) is deduced from equation (76). 

If it is desired to find the exponent of an equation representing 
a curve passing through two points, as a, and ’’ a, 

(Fig. 29), we may proceed by taking logarithms 
of both sWes of the equation 

_ _ ■ ^ LJ L!L 

givmg ^ j^g i^g p^^ no. » 9 . 

so that _ log - log A .g ■) 

log?/, - logw, ^ 

For example, the exponent of an equation to a curve passing 
through the points 

Pt = 74*7. '"t = 3. = 30, t/, = 7, 

log 7 - log 3 

It should be noted that as n approaches unity the probable 
error of calculation of external work is liable to be very large. 
Entropy. — For any reversible process 

d<l> = 'f] 

co,ftscquently from equations (70), (71), and (72) we have 

j, dl , , \dv 
rf</> =4 - + (Cp — c,) — ) 


d<j> — Cp ^ -H (c, — Cp) 
,, dp , dv 


i*f“ 


7 // '■ '. • '' 

-'VC'"; .. 
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and, integrating between limits, 


loKa'TT^ 'b (Cj, — c„) log, 2i> 
' 1 


' c/)| “==' 


f„) log, 

Pi 


which give ready means of calculating changes of cnlrbj 
These equations give (he enirojiy changes jier pound, and af^ 
be multiplied by the weight in pounris to give the change I 
the actual conditions. | 

For example, the change of entro[»y in passing from the 
sure of 74.7 pounds abaoUito per s(iuare inch and the volt| 
of 3 cubic feet to the pressure of 30 pounds absolute and j 
volume of 7 cubic feet is 


log, 

J.40S 7‘t-7 


+ 0.2375 loK« 


0.0454. ii;| 


Since the pressures form the numerator and denominat6| 
. ; a frtiction, there is no necessity to reduce them to the aqjtf 
||; ■ ; "foot; In this problem the pressures and volumc.s are takoll 
| v ; . random; they correspond to a iemj)eralure of 14.6° F., at | 
I ; Initial condition. As has already Iteen said, there is sclti| 
,, occasion in practice for using liic entropy of a gas. | 

' ‘ Comparison of the Alr-Therraomoter with the Absolute Sc| 

C ,p'^ connection with the iaodynamic line it was aliown thail 
' intrinsic energy is n function of the temperature only. Tl 
ofincluaion i.s deduced from the cliaraclerislic equation on I 
- fissumption that the scale of the air thermometer coincides \| 
the thermodynamic scale, and it affords a delicate methorf 
testing the iTuth of the characteristic equation, and of compai 
the two scales. i 
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CaMI'ARISON OF I’HE AIR THERMOMETER 


^9 


TIu* nnjsl lonipltTu experiments for this purpose were made 
liy Joule an«l f .ord Kirlvin, who forced iiir slowly through a porous 
plug in a tuhe in such a manner that no lieat was tninsmillecl 
to or from the air during the process. Also the velocity both 
before urul Ix'yoiid the idug was so small that the work due to 
the change of velocity could be disregarded. Ail the work that 
w«aild be developed in free exininsion from the higlier to the 
lower ]iresHure was used in overcoming the resistance of friction 
in the [ilugi and so cimvcrled into Iteat, and as none of this heat 
eHcapcd.il was reluinetl by the uir itself, the plug remaining at ti 
ailislant temperature, It llierefore upiieurs that the intrinsic 
energy reinainerl the same, and that a cliange of lc‘m|ieralure 
indicated a deviation fritm the assumptions of tin; theory of 
jaTfect gases. 

In the disctission of results given by Joule and Imrd Kelvin* 
in iMj.i they gave for the nbaoluic lempertuure of freezing-point 
373®.7 C, As the re.Hiilt of later experimentst they slated that 
the cooling for a dllTercnce of pressure of loo inches of mercury 
was represented on titc ccntlgrndc scale by 



From these experiments aiiul from other consideralionB con- 
cerning the constant- volume hydrogen thermometer, Professor 
Cnllcnfiar lias determined tlmi the most laobable value for the 
uhsoUiic temperature of freezing” point is 373®.! C., as already 
given, and gives n Uvide of corrections to llie hydrogen ther- 
mometer to obtain lempcmlures on the absolute scale. As 
the correction at any temperature between aoo® and + <150® 
C. Is not more limn rla of a degree thin is Interesting mainly 
to physicists. The corrections for the nir-ihermomclor iil con- 
Biunt pressure are somewliai larger, but tipproiich iV of a degree 
only at 300® C. 


» PhiL Tr^m, m], c^scllv, p. 
t /W</. vq|, c\i\t p. 579. 
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Law,— hiiviy experiments on 

Pi;P^|erw^ncrit;-gas^^ known) indicalccl il||||^^ 

ililKitiv^fe'Wcro'sm deviations evident to a plij-sicist, but not;;:|^^^ 
T^liill|^y4nec:;To . engineer^ but now that nlr is compressed 

as 2500 pounds per square inch, it bccotil^^^^ 
take account of such deviations in enginecr||i^^ 

the best conception of this suljject, and of the fotnrj|| 
^^^BlIrlM^niscd^ states of fluids, can be hiul from u consideration 

^^iMit^rews’^* experiments, which tor the present purpose are con||jj^J 
^»H;i;'""ly(!nlcnrty' represented by his isolhermai curves, which arc rcpm> '§f$^ 
In Fig. 39a, together with the cun-cs for tiir. The laii!ef|||i||| 
pJ|(;-ii-arc%pproximate hypcrbolte referred to the proper axes, tli!i,te:®|||| 
Sl^^vC'fcr-^i'O'pi’^ssure being nearly the whole height of the dingmin, :||||^ 
the figure as it is drawn. At .i 8 ®.i C., the isoilmrmul 
iOarbe^e acid shows a marked deviation from the liypcrliola, |(i;||^||^ 
^^?"':.ma:y(.. b(^ .seen by comparison with the curves for air, or belt« 9 p||Jifi 
feet that a rectangular hyperbola through P will 
^^^||||iefup;<Q. On the other hand, the isolhermai for 13®,! rc«eii|||||||J 


*llll|lj 




. for Steam, which is commonly known as a 
vapor whose pressure is constant at 








iw; 

,A.i 

‘'i" 

'h''. 


\U tem|)eralurc: the horizontal part of thl« \hmt MS 
represents a mixture of liquid unci 
which at the left runs into liic liquid cnryitt ^^ 
and as liquid carbonic acid has considcinlliil S^I 






■sirtisiiisrig 


compressibility, this curve becomes a »tm|||||^M| 
line with an aiiprccialflc inclination 
axis of zero volume. At the right, the 
thermal shows a deeitlccl break and slopp^i^ 

' V away as the volume becomes larger 
- — ■ that of the snluralcd vapor. Tire isothcrmil;' '.'iAA- 
for ai®.5 shows similar eharactcrisllcs, 
from one condition to another arc more cradirtliiiiiHli 


jdtittpd curve is drawn through (he points of saturation inid;fkl 
i fp ifen,. and Its crest corresponds to ilic critical temperature^ 

Trffdj., 1860. port li, p, 575, nnd 187a, pnrl II, ]». .jat. 
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WRNHITY AT UlCilt PKKSSURIC ft 

The i«(Ul«‘rmal for 31.®! U clearly abovi* iht* criiical icmpcni- 
iiirc iintl ilocji iHit imlii’iitc n U(|uefntTUm. 

*ri»e sevcrnl jtlalcs of « lUiiil may Iw cnumeraUrrl us 

I, I.t(|uiii. 

3. SaturnlL’d va|K»r, incUulinK mixuircs of liquitl and vapor. 
SitiHThcjnctl vaiKir chamciiTiml liy a larger volumi' lirnn 
juilunilctl va|«ir for a given lemperalure aiul jjrtjssiire. 

•1. tins; ne«tr the eriileal lemiteniuire llte dt’vialitmst from 
Hoyle's kw are very large, at higher leniix'nUure the 
rieviaiiotts tliminish and liceome uium|)or(niU. 

Critical Tamparnlurei. -"'riu* following table of (‘riilcat 
tent|H'rnltircs and of lailling |atiius at nlitiospiuTic pressure is 
taken In |mrl from t'rcsum's '“'riieory of Meat," ngj-p 

Hvdrogen - C. ■ a.bt.^S 


Nitrogen 

. . -trM .4 

1 4b 

(Jsygen 

. . “-18a, a 

-n8.a 

Air . 

. . »" 101.4 

— l.itQ 

Cnrlion tnonosMr ... . 

, . -loo 

1.39.5 

Carlmn dloskle 

. . "8.J 

+ 3*. 35 

bulphurdioskle ..... 


+ 157.0 

Ether 

34 .?; 

t 75 

Alcohol . . , . 

7«.4 

348 

CarUm bisid|ihi«le .... 

. . 4 ;b.:t 

aS 4 

Water 

, , too 

363 

Hftnalty «( High PrMurc. 

"» If the usual 

meihotls (gl 


jjiiige for the solution of problems Involving the propertlea 
of psw, are ap|iliirrl with very high pressure, errors amounting 
to two or three |»er tent are liable to br Incurrctl, owing to the 
devifttlon from Hoyle's law. In some eases, this crrr>r may Itc 
Ignoritl in engineering praiilee; in stome cases the error may be 
iitciudetl In a practical fa* tor. as will lie indiealwl in the tlcslgn of 
air eompressorsi and in other *8.10x9 allowances must lie made 
from the es|ufrlmrnial informiiilon furnlshwi l;iy Armugat, and 
which may i*e found in l«aiuloli ami Bbrnstein's Tables, 


^ It 

•■•liiwii 


lilil* 

1 raw 'fP' 

ilFtfeiMlM* 


:li|ij:§, 
I1W = 1 
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PERFECT GASES 

Rontgon’s Experiments. — Direct experiments to <lcteP|g|,| 

K may be made as follows. Suppose ihul a vessel is filled ^!||UJ 

air at a pressure pi, while the pressure of the atmosphere 

Let a communication be opened with the atmosphere sumct^l^g 

to suddenly equalize the pressure; then let it be closed, 

the pressure p, be oljserved after the air has again attftln^^^P 

temperature of the atmosphere. If the first opcratio:a 

ciently rapid it may be assumed to be adiabatic, and 

use equation (77), from which 

log V,.- log V. 

The second operation Is at constant volume; conacqj ii^^ 
the specific volume is the same at the final state as 
adiabatic expansion of the first operation. But the 
final temperatures are the same; consequently 

v,pi ■« v„p 3 , 


.*. log v„ ~ log V, «" log p, — log Pi, 
which substituted in equation (91) gives 

i°8 ., fi . , 

log Pi ~ log Pi 






. ■ ""/ 4 M 


Tim same experiment may be made by rarefying. 
the vessel, in which case the sign of the second tcrnT^Itj l^^M 
Rbntgen* employed, this method, using a vessel cdiiti ittiM 
70 litres, and measuring the pressure with a gauge on 

,. the same principle as the aneroid barometer. Instead of 
■ 'ing the pressure p„ at the instant of closing the stop-cock 
! , . “th^t’of the atmosphere, he measured it with the same in8taciiiilii|ji|^ 
. ' ' '/I mean of ten experiments on air gave ’ ■ 


K BW 1.4053, 




■ * Poggttidorp't Amiaicn, vol. cxlviil, p. 580. 
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EXAMPLES. 
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1. Find Ihc wt'ighl <if 4 cubic metres of hydrogen al 30® C., 
and under the pressure of 800 mm. of mercury. Ans. 0,341 kg. 

2. Find the volume of 3 pounds of nitrogen at a jjrcasure of 
45 pounds to the s(iunre inch by the gauge and at 80® F. Ans. 
I ir.05. 

3. Find tlic lemperalure at which one kilogram of air will 
occupy one cttbic metre when at a pressure of 20,000 kilograms 
per stjuare metre, Aji.s. 410® C. 

4. Oxygen and hydrogen are to be stored in tanks 10 inches 
in diameter and 35 inches long. Al a maximum temperature 
of 110® F., the itrcsHure must not exceed 250 pounds gauge. 
What weight of oxygen can be stored in one tank? What of 
hydrogen? Ans. Oxygen 2.21 pounds. Hydrogen 0.138 pound. 

5. A balloon of 1 2,000 culiic feet capacity, weigliing with car, 
occupant, etc., 665 pounds, is inflated with 9500 cubic feet 
hydrogen at 60® F., the barometer reading 30 inches. Find 
the weight of the Itydrogcn and the pull on the anchor ropej 
find also the iimouivl that the balloon must be lightened to reach 
a Iieiglu where tlic barometer reads 20 inches, and the tempera- 
ture is 10® below xcro Fahrenheit. Ans. Weight hydrogen 
50.4 pounds; pull on rope la iiounds; balloon lightened 7.5 
])ouncls. 

6. A gas-receiver holds 14 ounces of nitrogen al ao® C., and 
under a pressure of 29.6 Inches of mercury. How many will it 
hold at 3a®]'., and al the normal pressure of 760, mm.? Ans. 
15.18 ounces. 

•‘f. k gas-receiver having the volume of 3 cubic feet contains 
half a pound of oxygen at 70® F. What Is the pressure? Ana, 
29.6 pounds per square inch. 

8, Two cubic feet of air expand at 50® F. from a pressure 
of 80 pounds to a pressure of 60 jwuiuls by the gauge, What 
is tlie external work? Ans. 6464 foot-pounds. 

9. What would have been the external work had the air 
expanded adiabatically? Ans. 4450 foot-pounds. 
















^ 0^034 


^!^ i ''' ' ’ "- T " perfect gases 

\ : jQ Find the external work of 2 pounds of air which expilh||, ^ 

? adiabatically until the volume is doubled, the initial prosSUlj; ;; 

I- being 100 pounds absolute and the initial temperature 

iii/" Ans. 36,100 foot-pounds. , , ., c i 

^02 u Find the external work of one kilogram of hydtp||||||||^ 

ii#- ■ which starting v(ith the pressure of 4 atmospheres and wig||||l^ 

' 'S><iature !i 500<’C., expands adiabatically till the 

„il 5 ture becomes 30° C. Ans. 489,000 ni.-kg. ^ . 

'0 12. Find the exponent for an exponential curve pna|ip|j^g^ 

ii" through the points /> = 3 °. ‘J' = ^< 9 . and p, - 15, 

B'v ^ : a) Ans« 0.4270* ‘ ■ ' 

. ’ 13. Find the exponent for a curve to pass through the polt^p, , 

i®’ * * = 40, V = 2, and Pi = 12, v, = 6. Ans. 1.0959. 

fs 4 irf^ ^ 14. In examples 12 and 13 let p be the pressure in poundl^^ 

Si-V- the square inch and v the volume in cubic feet. Find the 

work of expansion in each case. Ans. 21,900 and i2,oiai^p^^ 

15. Find the intrinsic energy of one pound of nitrogen 

h^|||;Ka ^ ^j^(5 standard pressure of one atmosphere and at frcoalng?|^^^^J 

' of water. Ans. 66,500 foot-pounds. ' 

16. A cubic foot of air at. 492 - 7 ° F- exerts ^14.7 

B W^ 0 P:!$: pressure per square inch. How much do its internal enor||M^* 
entropy exceed those of the same air uiuier standard -i 
tions? Ans. 5052 foot-pounds; .00912 units of entropy, 

- J7.: , Find the increase in entropy of 2 pounds of a porfOi||j^^p 
■ during isothermal expansion at 100® F. from an initial 
of 84:3 pounds gauge and a volume of 20 cubic feet - to 
volume of 40 cubic feet. Ans. 0.453. 




'^2x2rf: ' 







r: 


18. A kilogram of oxygen at the pressure of 6 atinosplj® 


/,^nd at ibo°C. expands isothermally till It doubles its 
4 Find the change of entropy. Ans. 0.04.34. 

:V::r i9. Twenty pounds of air are heated at a constant 
lll^oo pounds absolute per square inch until the volume 
from 20 cubic feet to 40 cubic feet. Find the initial 
o'^^empmtures, the change in internal energy and the 
ehtropy. How much heat is added? Ans. 80* andi^'^^^p 
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increase of intrinsic energy 1,420,000 foot-pounds; increase in 
entropy 3.29; heat 2570 b.t.u. 

20. Suppose a hot-air engine, in which the maximum pressure 
is 100 pounds absolute, and the maximum temperature is 600° F., 
to work on a Carnot cycle. 'Let the initial volume be 2 cubic 
feet, let the volume after isothermal expansion be 5 cubic feet, 
and the volume after adiabatic expansion be 8 cubic feet. Find 
the horse-power if the engine is double-acting and makes 30 
revolutions per minute. Ans. 8.3 horse-power. 
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CHAPTER VI. 

SATURATED VAPOR. 

Fob engineering purposes steam is generated in a boiler 


SATURATED VAPOR. 


is partially filled with water, and arranged to receive heat 

the fire in the furnace. The ebullition is usually energetic, 

more or less water is mingled with the steam; but if there 

fair allowance of steam space over the water, and if proplij ^^^ 

arrangements are provided for with drawing the steam, it 

be found when tested to contain a small amount of water, 

ally between half a per cent and a per cent and a half. Sleaiflili 

which contains a considerable percentage of water i.s paascstlll I 

through a separator which removes almost all the water. Suefv " 

steam is considered to be approximately dry. 

If the steam is quite free from watQr it is said to be dry (itici 


satura^; steam from a boiler with a large steam space 
which is making steam very slowly is nearly if not quite dry. »■ 

^ Steam which is withdrawn from the boiler may be lieatccl to 
higher temperature than that found in the boiler, and is then atvtttlM 
to be superheated. 

Our knowledge of the properties of saturated steam and othil^M 
vapors^ IS due mainly to the experiments of Regnaultj* 
determined the relations of the temperature and pressure, 
totel heat of vaporization, and the heat of the liquid for mail^B 
TOlatde liquids. Since his time, Rowland’s determination^^!* 
the mechan^al equivalent of heat, gave a: ftiore exact deterM^* 
nation of the specific heat of water at low temperatures, andi:''lii 
t^mly Dr Barnes has given a very precise determination 

Lhde by Knoblauch, f^! 

mde, and Klebe, has given us a goodknovvPge of the propertloa 

' • " • . ... ' , h- :• 'v m: , ^ 
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of sujicrhcated steam wliich can be extended to give the specific 
volume of saturated steam over a considerable range of temper- 
ature. At the time when the first edition of this work was pre- 
pared it appeared desirable to compute tables of the properties 
of saturated vapor, talcing advantage of Rowland’s work, 
and eliminating some uncertainties due to the way in whicli 
Regiuiult used his empirical equations in computaling tables. 
As all this involved changes of suflicicnt magnitude to influence 
engineering compulationsj it sccmcil necessary to quote the 
original data at length and to give comptitations in detail. This 
introduction to the chapter on saturated vapors was found to be 
somewhat confusing to students reading it for lire first time, and 
since the main [lolnls are now commonly accepted, this work is 
given only in tlic introduction to the “Tallies of the Properties of 
Saturated Steam,” llic reason for printing it being that it is not 
given elsewhere, as the earlier editions have passed out of print. 

Recent correction of the absolute temperature of the frec/ing- 
point of water by Calicndar and the determination of tlic specific 
heat of water l)y Barnes make it necessary to recompute the 
"Tables of the Pr<>|icrties of Saturated Stctim” which are 
intended to accompany tliis book, and opportunity is taken to 
introduce further data in those tables, and in addition a table 
lias been prepared which will be found to greatly facilitate calcu- 
lations of adiabatic changes of steam and water. 

Pressure of Saturated Vapors.— Regnault expressed the 
results of his experiments on the temperature and pressure of 
saturated vapors In the form of the following empirical equation, 

log xa o d* ftn" H* C|i 9 " . • I . . (94) 

where p is the pressure, n is the temperature minus the temper- 
ature to of the lowest limit of the range of temperature to which 
the equation applies, he.; 

The constants for llie above equation as applied to satu fated 
steam have been recomputed and reduced to the latitude of 45®, 
and arc ns follow: 
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B, For alcjxm from o" to loo** C. fxijraalng the pr^urc In 
mm, of mercury, 

log p ^ II hi * i' 

log ft o.6it74W 
log e »«• 
log vt 

log p «* o,oo^^H 

II *« I 


C, For stenm from loo® to aao* C. expressing the pressure In 
mm. of mercury, 

« - 5 ' 457 Sf«i 
log ft 

log IS «» 7.74i<i?% - 10 
log 0 «« 9* W 41 i 
lug «( 0.00764111^1 

H 10^ 

Bi. For steam from 3a® to aia® F. In pountis per square inch^ 

fl »» 3 « 0 ; 25 ^|>^ 

log fr >a o.6ii7Him 
log ew S.ijacM 10 
logo » g.Q^Sillioif ~ 10 
log /9 « o.ooj8r^4 

H w ; ^ 3* 

C,, For steam from aia® to 438® ?. to pounds per square 
Inch, 

«" 3 > 74397 fi 
log i m O.SrStWMI 
log tf « 7,74i0» la 

iog« " g.eessdtaji - la 

log^ »■ o.oaia 454 
» « I « 9 U 


Pressure Of Other Vapors. -RegnimJt deicnninctl also the 

pressure of a large numljer of satumtud vapora at wrieus tern- 
peratures, and deduced equations for encli in the form of equV 
ion (94). The equations and the constants ns deierminctl by 
him for the commoner vapors are given to the following tablei 
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The constants to be used with equation (95) are: 

French VnU$, 

B. For Q® to 100® C., mm. of mercury, 

log /I « 8,8512729 — toy 
logB 6,69305 - 10; 
log a^ *« 9.996725828 10; 

log *=» 0.0068641. 

C. For 100® to 220® C., mm, of mercury, 

log /I « 8.5495158 lOJ 
log B « 6.34931 - to; 
log a, ^ 9.997411296 - loj 
log ^1^ 0,0076418, 

English Unhs, 

For 32® to 212® F., pounds on the square Inch, 
logvi ^ 8,5960005 -- lOJ 
logB «« 6.43778 - 10; 
log rtg « 9.998181015 — 10; 

^3 « 0.0038134. 







' V'/i« 

■ -ilf 


Cl* For 212® to 428® F,, pounds on the squiiro Inch, 

log /I n=, 8.2942434 — lOj 
log 5 *« 0,09403 ~ 10; 
log «3 « 9.998561831 ^ lo; 
log /?3«« 0.0042454. 

It is to be remarked that ^ maybe found approxinmlct>| 

by dividing a small difference of pressure by the corresponding' 

difference of temperature; that Is, by calculating With tt? 

table for even degrees of temperature we may calculate tho 
value approx.’mately for a giveh temperature by dividing the 
diflerence of the pressures corresponding to the next higher and 
me next lower degrees by two. 

The following table of constants for the several vapors nametl 

temnpr V” the preceding equations for 

tempeiature and pressure of the same vapors: 
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DIFFERENTIATE COEFFICIENT j ^ . 


Chloroform , . . . . ^ 

Carbon liltiulnhhlo . . . 
CurlKiii IcirachltirUlo . . 


^U'‘ 

-I- 

•h 

N. 

? f i’' 

•b 

•b 

»b 


IngCW") 

« i,i 7 aoo.n“ 0 .ooaoi 43 f 
^ r. 3.106634-- 0.003 1 335 f 

— 1. 3, 110130^ 0 , 003 5856 t 

— i. 4330 77 « “ 0 * 003 33 f 

— t, «f) 11 078—0 #0003880 / 

— 1.3368335—0.0036148/ 

— 3 , 000370 *'" ® ®S 0 O 5 * S f 
- 4 . 46 i 6306 ‘J'O,OT 4 S 77 .S { 

— 3,0067134—0,0131834^ 

— a. Of 1 10 jS— 0,0088003 1 

— 1 ,3813105*^0,0050330/ 

— 1,0064583—0.0315593 * 

— - 


Standard Temperature. — It is customary to rclor all calcu- 
lations for Kafecs to the standard conditions of tlvc pressure of 
the atmosphere (760 mm. of mercury) and to the freezing-point 
of water. Formerly the freezing-point was taken as the standard 
temperaluro for water and .steam as even now it is the initial point 
' for tables of the properties of saturated vapors. But the investi: 
cation of the mechanical equivalent of heat by Rowland resulted 
in a determination of the specific heat of water with much greater 
delicacy than is possible by Rcgimult’s method of mixtures, and 
showed that freezing-point is not well adapted for the standard 
temperature for water. It has been the habit of physicists 
for many years to take ts"* C. as tlic standard temperature, 
and this corresponds subsUmtinlly with 62° F., at which the 
English units of measure are standard. Professor Callendai 
recommends 20° C. as llie standard temperature which would 
make a variation of about in tlic value of the mechanical 
cciuivalent of heat and in the specific heat of water. ^ 

Mechanical Equivalent of Heat. — The most authontative 
determination of the mechanical equivalent of heat appears to be 
that by Rowland,* from which the work required to raise the 
temperature of one pound of water from 62“ to 63 F. is 

778 foot-pounds. 

Tills is equivalent to ... 

427 metre kilograms 

in the metric system. Since his experiments were made this 
important physical constant lias ken investigated by several 
* * Prac. Am. Acad., vol, xv (N. S. vll), 1870. 
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experimenters, and also a recomputation of his results has 
made after a recomparison of his thermometers. The concl^)||||^tf 
sion appears to be that his results may be a little small, but 
differences are not important, and it is not certain that the 
elusion is valid. There seems, therefore, no sufficient reason 
changing the accepted values given above. 

Heat of the Liquid. — The most reliable determination ot 
specific heat of water is that by Dr, Barnes,* who used an clcctri<5||v|j^M 
method devised by Professor Callcndar and himself, and wh§} 00 m 
extended the method to and below freezing-point by carefUllpi^^S 
cooling water without the formation of ice, to — 5° C. 
method gives relative results with great refinement, and gives 
a good confirmation of Rowland’s determination of the mechan| 5 |^S 
ical equivalent of heat. Dr. Barnes reports values of the spcciilcl^^^ 
heat of water up to 95® C. In the following table his results a 
■quoted from 0° to 55° C.; from 55® to 95® his results have beoiiiii;|^S 
slightly increased to join with results determined by recompupH;^^^ 
ing Regnault’s experiments on the heat of the liquid for waKSpl^^S 
(which experiments range from iio®C. to 180® C.) by allow 
for the true specific heat at low temperature from Dr, Barncs’g 
experinients. The maximum effect of modifying Dr. Barjics’a 
results is to increase the heat of the liquid at 95® by one- tenth of 
one per cent. 


Temperature* 


SPECIFIC HEAT OF WATER, 


1.0094 

1.00530 

1*00230 

1.00030 

0*99895 

0.99806 

0-99759 

0.99735 

0.99735 


Tempomture* 

C. 


45; 

II3 

50 


55 


60 

l46i:-:i" 

(>5- 

149 

70 

1 ■ '1® ^ 


176'-: 

85 



Temperature 4 


0.99760 
i 0*99800 
0.99B50 
0.99940 
I , 00640 
1.00150 
I .06275 
* -00415 

^ -00557 


♦ PAysical Jievfew, vol. XV, p. 51,1902. 


SjMCiflO 


I 4 00705 

1.00855 
1.01010 
1 .01690 
x.oda^o 
1,03850 
I. 03475 
1.04100 
1.04 7^ 
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Heat of the Liquid. ~ The heat required to raise one unit of 
weight of any liquid from freezing-point to a given temperature 
is called the heat of the liquid at that temperature; and also at the 
corresponding pressure. Since the specific heat for water varies 
we may obtain the heat of the liquid by integration as indicated 
by the cqualton ^ 

In order to use this equation it would be necessary to obtain 
an empirical equation connecting the specific heat with the 
temperature; such an equation has not been proposed and would 
probably be complex. Another method is to draw a curve with 
temperatures as abscissiu and specific heats ns ordinates and inte- 
grate graphically. The fact that the specific heat is nearly 
equal to unity at all temperatures and that consequently the heat 
of the liquid for the Centigrade thermometer is not very different 
from the temperature suggests the following method: 

Let c « I "I* ft 

when ft is the diftcrcncc between the specific heat and unity at 
any temperature, ft being positive or negative as the case may be. 

Tl^cn q^i+Jkdl (97) 

which may be obtained by plotting values of ft as ordinates and 
integrating graphically, which will have the advantage that the 
required curve may be drawn to a large scale and give correspond- 
ingly accurate results. The values for the heat of the liquid lor 
water in the “ Tables of the Properties of Saturated Steam ’* were 
obtained in this way. 

The following table gives equations for the heats of the uciuicis 
of other substances than water, determined by llegniiuU. ^ 


Alcohol . * . - 
Elher 

Chloroform . . . 
Cflrlxiii blsulphlclo 
Carbon lolrachlorluo 


HKAT OF THF LIQUID. 



• * 0.000003306 

qr* 0, ^ ’■b 0.0003959 

q Bw 0.33335 ^ -b 
q »»» 0, 33533 i -h 0,0000815 f 
798 0.000090G#’ 


g m 0 , 1979 

ft mm 
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Tlic specilk heat for any of these !ic|ukl»i may be whtained 
clifTereniiaiion; for example, the apecilk hwU for alcohol is )|ij 


c « O.S4754 + 0.0023436 1 + o.ooooofthiS /* 

Total Heat. --This term is denned as the hail required \£:Wl 
raise a unit of weight of water from frec}sing |H>ini lo a giy^ 
temperature, mid lo entirely evaporate it ni ihnl icmperatui^j^ 
The experiments made by Regnault were in the reverie 
that is, steam was led from a boiler into ihe rniorimeter and i{|i 
there condensed. Knowing the initial and llnal weights 
the calorimeter, the temperature of the sicam. nrui the initiiil 
and final temperatures of the water in the calorimeter, he Wlili ft 
able, after applying the necessary corrections, to cniciilate tlf|ijj 
total heats for the several experiments, 

The results from these experiments are rcprescntal by thallf 
following equations! ||^ 

For the metric system, 

H 606.5 + 0.305 I ...... 

For the English system, il|U; 

E 1091.7 4 - 0.305 (/ - 3a) ... (qop J 

An investigation of the original cxperiinrmial resull||li 
allowing for the true spccifec heal of the water in the caloriroeter,! 1 
showed that the probable errdrs of the method of cletermininiSJ 
the total heat were larger than the deviations of the true sixsciJ^iSj 
heats from unity, the value assumed by Regnault; itnd. furiheri: 
it appeared that his equation represents our b®st knowledge of ' -il; 
the total heat of steam There appears to be no reason 
changing this equation till new cxperimenlal values shall 
supplied. The deviation of individual ex]}crin)ontat resultf?^ 
from, corresponding compuiationa by the equation l» likely to 0 $ 
ona m five hundred. There is further some uncertainly whcthel: 3 | 
the method of drawing steam from the boiler did not involve i:l 
^me error due to entrained moisture. The best check upon 
Regnault s results is a comparison with Knoblauch’s work on # 
superheated steam. 
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Rcgnault gives the equations following for other liquids; 


Elhcr 

Chloroform , . . . 
Ciirbon bisulphide ♦ 
Carbon tetrachloride 
Aceton 


H- 0,1 +o.45t O.OOOSSSS6 <’ 

67 ’h 0.1375/ , 

J'l «« go -I’ 0.14601 / “ 0.0004123 r 
H $2 -ho. 14625 / — 0.000172 

H ^ 140.5 -h 0.36644 / — 0.000516/* 


Heat of Vaporization. — If the heat of the liquid be sub- 
tracted from the total heat, the remainder is called the heat of 
vaporization, and is represented by f, so that 

r <=> 11 — q (100) 

Specific Volume of Liquids. — The coeflicient of expansion of 
most liquids is large as compared with that of solids, but it is 
small as compared with that of gases or vapors. Again, the 
specific volume of a vapor is large compared with that of the 
liquid from which it is formed. Consequently the error of neg- 
lecting the increase of volume of a liquid with the rise of temper- 
ature is small in equations relating to the thermodynamics of a 
saturated vapor, or of a mixture of a liquid and its vapor when 
a considerable part by weight of the mixture is vapor. It is 
therefore customary to consider the specific volume of a liquid 
<r to be constant. 

The following table gives the siiecific gravities and specific 
volumes of liquids: 

.SPECIFIC GRAVITIES AND SPECIFIC VOLUMES OF LIQUIDS. 


Alcolioi 
Elhcr * 

Chloroform » . « * 
Carbon biaulphldc . 
Carlx>n IctrnchloHdo 
Acolon 

Sulphur dioxide . 
Ainmontft . . . * ♦ 
Water 


Spccifto 
OmvUy , 
comnaroa 
with Wfttev 
nt 4* C. 


0,80625 

0. 736 
i.Sa? 

1. agsa 
3 .6320 

0. 81 

1. 'I 33 <> 
0.636,1 


Spcolflc Volume, 


Cublo Mfilrw, Cubic Feci 


0 001240 
o 001350 
0.000655 
0 000774 
0.00613 
0.00123 
Q. 000698 T 
0.001571 
0.001 


O.OTtJ 

0.0252 

0 , 0 t 6 Q 2 


V;;:S|p 
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Experiments were made by Him* to determine the volutiri^ 
of liquid at high temperatures compared with the volume 
freezing-point, by a method which was essentially to use 
for the expansive substance of a thermometer. The rcsulla 
given in the following equations; ’ 


SPECIFIC VOLUMES OF HOT LIQUIDS. 






Water, 

ioo° C* to aoo® C. 
(Vol. at 4® ” unity,) 


Alcohol, 

30° C, to 160® C, 
(Vol. at 0® •=• unity,) 

Ether, 

30® C. to 130® C. 
(Vol. at o® » unity,) 


Carbon Bisulphide, 
30® C, to 160® C. 
(Vol, at o® « unity.) 


Carbon Tetrachloride, 
30® C. to 160® C, 
(Vol. at o® « unity.) 


V « I -1- 0.00010867875 ^ 

-H 0.0000030073853 4.4781869 

4- 0.000000098730439/* 1 ^ 45 ^ 34*0 

— 0.0000000000066457031 /• 8,8395409 ^ fifcf 


V *“ I -h 0,00073899965 / 
“h 0.00001055935 /* 


mm 


6.8685991 f^l 
3.0333499 


0.606537 
7. raoQ^r 


Quality or; pryhesa 'Factor,..*^; All, th properties of aatu.ral:p^^ 
steam, such as pressure, yplume heat of vaporisation, 
on the temperature only, and are determinable either by d;i|||^ 
experiment or by cGtoputati<^,,;:0cl;:;a,re commonly taken 
tallies calculated forxthe pur|^q,j*> ■ . “-Wslisl^P 

Many of the problems met ipi^gineering deal with mixtures 0^^ 
liquid and vapor, such.as ^afif and steam. In such problems: ip 
at is convenient to represent the, ipiroportions of water and stoaJ^:4 
by a variable known as the: quality or the dryness factor; tbtt® 
* Amtalei de Chimie et de Physique, 1867. ? 



.. . 
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factor, X, is clclined as that portion of a pound of the mixture 
which is steam; the remnant, i — x, is consequently wa,tcr. 

Specific Volume of Wet Steam. — Let the specific volume of 
the saturated vapor be 5 and that of the liquid be c; then the 
change of volume is s — a- => u on passing from the liquid to 
the vaporous state. If a pound of a homogeneous mixture of 
water and steam is x part steam, then the specific volume may 
be represented by 

u C3 -|- (i — a;) (T + cr . , , , (loi) 

whore u is the increase of volume due to vaporization. 

Internal and External Latent Heat. — The heat of vaporiza- 
tion overcomes external pressure, and changes the state from 
liquid to vapor at constant temperature and pressure. The 
external work is 

^ (s — • <r) pii^ 

and the corresponding amount of heat, or the external latent 
heat. Is 

Ap {s — (t) «=■ Apu, 

The heat required to do the disgregalion work, or the internal 
latent heat, is 

, p a, r — Apu (102) 

General Equation. —> In order to apply the general thermo- 
dynamic method to a mixture of a liquid and its vapor, it iS: 
customary to write a differential equation involving the tern-] 
peraturc /, the quality x, the specific heats of water and steam c 
and h, and the heat of vaporization r; these three last properties 
are assumed to be functions of the temperature only. 

The principal result of the application of the general method 
to such an equation is a formula for calculating the specific 
volume s, as will appear later. Following the general method, a 
special derivation of the formula for s will be given which may 
be preferred by some readers. 

When a mixture of liquid and its vapor receives heat there is 



/ ^ 
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in general an increase in the temperature of the portion 
vapor and in the portion i — » of liquid, and there is a vaporM:«/y|''| 
tion of part of the liquid. Taking c for the specific heat ot > 

liquid and h for the specific heat of the vapor, while r. is the hcafc'.,/ 
of vaporization, we shall have for an infinitesimal change, 

^ dQ — hxdt c (i — x) dl + rdx ..... 


Application of the First Law. — The first law of 
dynamics is applied to equation (103) by combining it 
equation (16), so that 

dQ — A{dE -h pdv) — hxdl + c (i — x) dt -j- rdx\ , ■ 
dE = - + c (i — «)] dl+ - dx — pdv, - - V'S; v 

Now V is a function of both t and x, as is evident from cqvjaitOIl;^£jj| 
(loi), in which « is a function of /; consequently, ' 


. iv . fiv , 


jihx +c(i_ p ~ 


I di + J — ^ ^ J 


■ > ii 

’ ’ '‘itf 


But £ be^g expressed in terms of I and x gives 

• S^E S^E 
'plSx -SxSl’ 


'"'ikS 
' ' 

'' I-; 




so that 




Bearing in mind that «! and u are functioA^j 

of t only, the differentiation 

A S(Sx "'A-dr^^'Sx ^ f!^ 




■ •• 
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Equation (loi) gives 


dx 




and 


8*1/ S’v 
8/ 8a: Sa? 8/’ 


so that the above equation reduces to 


dr 


-I- c — /t = Au ^ 
dt dl 


, . , . (104) 


Application of the Second Law. — The second law of thermo- 
dynamics makes 


<}Q 


d<l> 


for a reversible process, so that the general equation (103) may 
be reduced to 


i!£ „ Jii±±iL=j^ fit -I - 1 dx. 

fjy ' *JC 


But 


^ 8»<|> 

hxhr wfx' 


. 8 hx + c (i — x) 8 r 

* hx T Bt T 


T^-r 
h-c dt 


T 


P 


fly Y 

c — /f. « - (105) 


First and Second Laws Combined. — The combination of 
equations (104) and (105) gives ’ 

r «» AiiT ^ ..... 
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Special Method. — The preceding oqimlion may be obtaftie^ 
by a special tnctliod making use of 
diagram abed in Fig, 30 which repijtlp 
^ sents Carnot’s cycle for a mixture of^ 
^ ^ \ liquid and its vapor, the chaago 

^ " temperature A T being very small, 

a represent the volume of one poui 3 i(J , #;i- 

0 SL- water at the temperature T, and 

Fio. JO. volume of one pound of steam at the 

temperature and pressure. The 
therefore represents the vaporization of one pound of water itjg 
constant temperature, involving the application of llic heat Os 
vaporization r, and the increase of volume IH 


U - il 


where s and cr are the specific volumes of steam and water. 
the second law of thermodynamics the efficiency of this cycle 


so that the heat changed into work will be 


But by the first law of thermodynamics this heat Is oqulval 
to the external work, which iii this case is approximately 
to the increase of volume <* iihultlpHcd by the change of pr<M 
A/ij consequently , , , ' 

■ rA.T A, 

or, at the limit as AT approaches zero. 


.. 
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Specific Volume and Density, — The most important result of 
the application of the methods of thermodynamics to the prop- 
erties of saturated vapor is expressed by equation (io6), which 
gives a method of calculating the specific volume; thus, 


5 = « + <r = 


AT^ 

dl 


-h O' 


(107) 


The numerical value of <r for water for French units is 0.001, 
and for English units is-jf;! = 0.016, nearly. The density, or 
weight of a unit of volume, is of course the reciprocal of the 
specific volume. 

It is of interest to consider the degree of accuracy that may he 
expected from this method of calculating the density of saturated 
vapor. The value of f depends on H and 5, the total heat and the 
heat of the liquid; the latter is now well known, hut the total heat 
is probably in doubt to the extent of and may be more. The 
absolute temperature T appears to be better known and may be 
subject to an error of no more than tiW or isihv’f and the mechan- 
ical equivalent of heat ^ is perhaps as well determined as the 
absolute temperature. The least satisfactory factor in the 
expression is the differential coefficient , which is derived by 

differentiating one of the empirical equations on pages 78 and 79. 
It is true that the resulting equations on pages 79 and 80 afford a 
ready means of computing values of the coefficient with great 
apparent accuracy, but some idea of the essential vagueness of 
the method may be obtained by comparing computations of the 
specific volume of saturated steam at 212° C., a point for which 
either equation or equation C^ will give the pressure as 14.6967 
pounds per square inch. The specific volume by aid of equa,tion 
(107), using equation 5 1 for determining the differential coefficient, 
is 26.62, while the differential coefficient from equation C, gives 
26.71 ; the discrepancy is about iriiri or if the mean 26.66 be taken 
as the probable value, either computed value is subject to an 
error of 




Kxpsrj- Coin- 

metUAl. pulatl. 


Exparh Com'* 

maitiAl, fitifcilt 




. Nature of the Specific HeatSi In the appllcalion of ihegcE- 

cral liagc 88 the term h h 

duced the specific heat of ailtumted steam, o«cl 

is some;ih't^^e^t:ih' determination of the true nature caf Uih 


property, 


cannot be a specific heat at 


pressure, nor ttspecificheataticonstant volume, shicc both preimte ■ 
andiVolume change With the temperaluro, The specilk heal; 
the liquid c prbperty is affeckd' by the same consideration, bul^ 
as the increase of volume ^ small and is neglected In ihernib^ 
dynariMdiscussl^s, the importance of the consideration la much® 

kss. The specific heat /i. of saturated vapor is the nmouru 
heat necessary to raise the temperature of one pound of th^^ 
vapor one degree, under the condition that the nressure shsli 
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increase with the temperature, according to the law for saturated 
vapor. 

Equation (105) gives a ready way of calculating the specific 
heat for a vapor, for from it 

, , dr r 

dt t‘ 

Now r may be readily expressed as a function of and then 
Ay • 

by differentiation — naay be determined. For steam 

r => H — q = 606.5 + 0.305 / — + c G — h)], 


in which is the temperature at the beginning of the range, as 
given by the table on page 80, within which i may fall. There- 


fore 


and 


dr t .. ' 
h = 0.305 — • 


Tor other vapors the equations, deduced from the empirical 
equations for q and iT on pages 83 ®5i somewhat more 

complicated, but they involve no espiecial difficulty. 

The following table gives the values of h for steam at several 
absolute pressures: 


SPECIFIC HEAT OF STEAM, 


Pressures, lbs, per sq. In., PS 5 ^ > 

Temperatures, F. , , . 162.3 280,9 327.6 

. Specific heat, A . .... "I.30 “ 0-93 -0.82 


200 300 

381,7 4x7*4 

— 0,70 —<5*63 


The negative sign shows that heat must be abstracted from 
saturated steam when the temperature and pressure are increased, 
otherwise it will become superheated. On the other hand, 
steam, when it suddenly expands with a loss of temperature and 
pressure, suffers condensation) J^rid the heat thus liberated sup- 
plies that required by the uncondensed portion. 
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Him * verified (his conclusion by »i»fldaiJy esissinding st«anic|^ 
a cylinder with glnss sides, whemiiwn the tiear wturaicd 
suffered partial cundensniion, its indirnicti by ihe fiirtnailon tii|i 
cloud of mist. The reverse of this cs[»erimcnl showed 
does not condense with sudden coroiirmion, m ihotvn by 

Ether has a positive value for A. As the theory Indlcai^^ 
cloud is formed during sudden catnpresslon, but not during 
den expansion. 

The table of values of h for sicsam shows a notable dccrfel^ 
for higher temperatures, wlvich indiattw a |«jlnt of inversion '|| 
which h is zero and above witich A is jwiilve, but the Icmpe^S 
lure of lliat point cannot be determined from our esperiracn^l 
knowledge. For chloroform the jRjint of Inversion was odd® 
Iftted by Cazin t to be ia3°.48, and detemilnotl ex(»erimenlally 
him to be between 135“ and The tUicrc|wncy is 

due to the imperfection of the np[>i!mlu# used, which suWtul^ 
finite changes of considerable mitgnitudiS! far the lndefiRitel|| 
small changes required by the tlie«ry. || 

Isothermal Lines. Since the pressure of saiurated vajior itil 
function of the temperature only, t lie bothennal line of a mlxti^ 
of a liquid and its vapor is a line of constant prmure, [>jir«llel||l 
the axis of volumes. Steam expaading from the boiler into III 
cylinder of an engine follows such a line; Unit 1 «, the steamdin# 
of itp automatic cut-off enginonvlth ample ports Is netirly pamlll 
to the atmospheric line. 4| 

The heat required for on increase of volume at consiani praif 

urejs' ' . . * ;:g| 

; ■ — at,). .... , 

m which r is the heat required to vnporlae one pound of liquid 

IS the weight of liquid vaporized. | 

The external work done during an isothermal ettpanaion If ■ 
W p (v^^ v^) «, pu (Xf - «,) .... ( 109 ): 

* BuIMn lie la SociiU Jnd. a« Muitiamh 
t Comphs mdus da rAeadim fa da S^nm, 1*1 . 
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Intrinsic Energy. — Of the heat required to raise a pound of 
any liquid from frceKing-point to a given temperature and to 
completely vaporize it at that temperature, a part q is required 
to increase the temperature, another part p is required to change 
the state or do disgregation work, and a third part Apu is required 
to do the external work of vaporization. Consequently for com- 
plete vaporization we may have, 

Q « X («S -h / H“ = <][ "h P d- Apu = Ii% 

For partial vaporization the heat required to do the clisgrega- 
tion work will be xp, and the heat required to do the external 
work will be Apxu. Therefore the heat required to raise a pound 
of a liquid from freezing-point to a given temperature and to 
vaporize x part of it will be 

Q = j -|t xp -I- Apxu »• A(E -V W) 

where E is the increase of intrinsic energy from freezing-point. 
It is customary to consider that 

i (a-p -h j) (no) 

represents the intrinsic energy of one unit of weight of a mixture 
of a liquid and its vapor. 

Isoenergic or Isodynamlc Lines. — If a change of a mixture 
of a liquid and Its vapor takes place at constant intrinsic energy, 
the value of jE wIU be the same at the initial and final conditions, 
and 

■” d* ^»P» “ ^iPi “ o .... (m) 
which equation, with the formulai 

ti, ■= -h tr; = .V,M, d* » « < • (n^) 

enable us to compute the initial and final volumes. If desired, 
intermediate yolume corresponding to intermediate temperature 
can be computed in the same way, and a curve can be drawn 
in the usual way with pressures and volumes for the coordinates. 

For example^ if a mixture of iV steam and ixs water expands 
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isocnergically from 100 pounds nlBoUiic to 15 ptninds nlji(o}u(oj5||| 
Ihc final conciilion will be Ml 


A!j 


ilL=L!lt±Mx «. 3M:9JZ^L^ jJJ :±BJLI2M 


Pi 






The inilkl and final apcclfic voUimea are 
V, ®> :e,M, 4* <r »» 0.9 (4.403 o.ot6) + 0.016 «» 3.964; 

V, » A?,R, -h <r 0.9395 (36.15 0.016) f 0.016 iw a4.5j(, ';|gM 




The converse problem requiring the prwsiirc corrcsfKinding ((i;H 
a given volume cannot be solved directly. The only mctlit);t;|iii 
of solving such a problem Is to nssumo n prolmble fintil pr^uir^;>|^| 
and find the corresponding volume; then, if necc*saryj, tissun^l^l 
a new final pressure larger or smaller as may be re(|u[rec]| ftnllSl 
solve for the volume again; and so on until the ciesired dogrcl 
of accuracy is obtained. 'Ml§| 

This method does not give an explicit equation connecting 
pressures and volumes, but it will be found on trial that a curv^^lj^ 
drawn by the process given almvc ctui be represented fairly weljl 
by an exponential equation, for which the ex()onent can 
determined by the method on page 66. 

Having given or determined the initial and final volume®, , 
exponential equation may bo determined, and then the exteflis^l^ 
work may be calculated by the equotion 






w 


jto, i 


vn-l 


M— I( 




For Mamplo, the exponent for tlie equation rcpr§ic?ntlng dift; 
expansion of the above problem is 






ft K3 


}° gi i - „ JsuaarJssii-. 


m 


>“B - log*'. „2 


and the external work of expansion la 


I' 




y _ 100 X 144 X 3.96,11 
1.041 — I i 






100,000 


y'm 
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Since there is no change in the intrinsic energy during an 
isoenergic expansion; the external work is equivalent to the heat 
applied. Thus in the example just solved the heat applied is 
equal to 

100,000 778 = 129 B.T.U. 


There is little occasion for the use of the method just given, 
which is fortunate, as it is not convenient. 

Entropy of the Liquid. — Suppose that a unit of weight of a 
liquid is intimately mingled with its vapor, so that its tempera- 
ture is always the same as that of the vapor; then if the pressure 
of the vapor is increased the liquid will be heated, and if the 
vapor expands the liquid will be cooled. So far as the unit of 
weight of the liquid under consideration is concerned, the pro- 
cesses are reversible, for it will always be at the temperature of 
the substance from which it receives or to which it imparts heat, 
i.e., it is always at the temperature of its vapor. 

The change of entropy of the liquid can therefore be calculated 

by equation (37), 



which may here be written 

c': 


.. (113) 


On page 83 it is suggested that the specific heat of water for 
temperature Centigrade may be expressed as follows; 

c = I -f ft 


where ft is a small corrective term that may be positive or negative 
as the case may be.. Using this correction, equation (113) may 


be written 




. . . (114) 
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The first term can readily be inlegrnled and computed, and Ih^ v:i^ 
second term, which is small, can be clelerininwl graphically, 
that the expression for entropy of water becomes ISSI 

^ ‘f* 

The columns of entropy of water in the tables were tleieriMin4||^ 
in. this manner. , 

In (the discussion of cntroi)y on pngc 31 it was pointed oulfS 
that there is no natural zero of entropy corrcapontling to the nb8(p'!||i 
lute zero of temperature. It is customary to treat the frcealngPlJ 
point of water as the zero of entropy both for tlmi liquid Rndrf^ 
for other volatile liquids; some liquids therefore hiivcrncgntiv^'l: ; p 
entropies at temperatures below freezing-point of water in Ute® 
appropriate tables of their properties. PHI 

For n liquid like ether which has the heat of tlio liquid repreiiS 
sented by an empirical equation, ,J|^ 

q “ 0.53901 ( -I- 0.0003950 I 

the specific heat is first obtained by clifTcrcntiation, giving 

c « 0.53901 -d- 0.0005918 /. 




water ^tamed by aid of equation (113), which give* foil 
ether with the French system of units, Pl* 


j°‘S^ 9 oi + o.o<^^ (2'’- 373) 

‘ Java (0-3670 + 0.0005918 dtj I 

°-°o°S9i 8 (F 373) + 0.3670 log, J 1 

373 

••• «-o.«» 59 i 8 , + 0.36,0 log, X 

^73 






(n6)'® 



■■ 

P;-' 
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For temperatures below the frecKing-point of water, equation 
(ii 6 ) gives negative numerical results. 

Other liquids for which equations for the heat of the liquid 
arc given on page 83 , may be treated in a similar method. 

Entropy duo to Vaporization. — When a unit of weight of a 
liquid is vaporized r thermal units, equal to the heat of vaporiza- 
tion, must be applied at constant temperature. Treating such 
a vaporization as a reversible process, the change of entropy may 
be calculated by the equation 

This property is given in the " Tables for Saturated Steam,” 
but not in general for other liquids. 

Entropy of a Mixture of a Liquid and Us Vapor. The increase 
in entropy due to heating a unit of weight of a liquid from freez- 
ing-point to the temperature t and then vaporizing x portion of 
it is 

r ' 

where 0 is the entropy of the liquid, r is the heat of vaporization, 
and 7' is the absolute temperature. For steam may be taken 

from the tables; for other vapons it must usually be calculated. 

For any other state determined by .t, and q we shall have, for 
the increase of entropy above that of liquid at freezing-point. 



-I- 


The change of entropy in passing from one state to another 
ia 

^ — (ji^ ma ^ -;*;**" — $1 I . < (II7) 

I i I 


When the condition of the mixture of a llciuid and its vapor 
is given Ijy the pressure and value of x, then a table giving the 
properties at each 'Pound may be conveniently used for this work. 
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Adiabatic Equation for a Liquid and lia Vapor. - During „„ 
adiabatic change the entropy i« consumi, so ihni equation (nj) 
gives ® 


..j, ewt 0 ^ 


OiSJi 


When the initial slnlc, determined by arul /, ar />„ is kn(»%^ 
and tlic final lempcriiiure /„ or the finwl prraaurc ihe 
value A!, may be found by equation (t iB). The initial and lin|f 
volumes may be calculated by the equal iona 




w, »>» A*,«, + IT and Va xpig -i » . , , (nqf 


Tables of the propcriica of saturated vu|j«»r comraonly give 
specific volume j, but 

j »■ K >t» tr. 


The value of <r for water i« 0.016, and for other licpiids will ]£ 
found on page 85. 

For example, one pound of dry steam at leo jiounds aboluili; 
pressure will have the values 


h ““ 327* d l'>i r, sa> 884.0, 0 , «» o.47j^, .V| 
If the final pressure is 15 pounds absolute, vve have 
/j »> ai3®.o F., fa ■“ 965.1, ** 0.JJ43; 


whence 


788.3 


+ 0.4733 


673-7 

A’j «. 0.894, 


+ 0.31431 


The initial and final volumes are 

V, *a 4, «« 4.,|o 
am a?a'W-a cr » 


23.4. 


nJamrn condition anti the final ten 
the preceding equations. Those giving the fmat volume toiea 
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of the temperature or pressure can be solved only by approxi- 
mations, An equation to an adiabatic curve in terms of j) and v 
cannot be given, but such a curve for any particular ease may 
be constructed point by point. 

Clausius and Rankine independently and at about the same 
time deduced equations identical with equations (117) and 
(118), but by methods each of which differed from that given 
here. 

Rankine called the function 


the Ikemodynamic funcUon ; Clausius called it entropy. 

In the discussion of the specific heat h of a saturated vapor, it 
appeared that the expansion of dry saturated steam in a non- 
conducting cylinder would be accompanied by partial conden- 
sation. The same fact may be brought out more clearly by the 
above problem. 

On the other hand, h is positive for ether, and partial conden- 
sation takes place during compression in a non-conducting 
cylinder, 

Foy example, let the initial condition for ether be 

10® C ., r, «=> 93.12, 0 =» 0,0191, =» 1, 

and let the final conditions be 

/■j 120® C., rj “ 'j9,26, O2 “■ 0.2045J 


tijen 

and 


93.12 , 72.26A!. , 

— “h o*orgi * T o,304«5, 

283 393 

A’j ■» 0.724. 


Equation (118) applies to all possible mixtures of a liquid and 
its vapor, including the case of a:, « o or the case of liquid with- 
out vapor, but at the pressure corresponding to the temperature 
according to the law of saturated vapor. When applied to hot 
water, this equation shows that an expansion in a non-conduct- 
ing cylinder is accompanied by a partial vaporization. 
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There is some initial state of the mixture such that the 
of » shall be the same at the beginninK mul at the end, 
may vary at intermediate states. To niul that value 
«!( in equation (ii8) and solve for a‘„ wliich gives i 




T T 

•* a t ■ 

The value of .v, for steam to fulfil the condlliona given ,j 
with the initial and final temperatures chosen, but In any 
will not be much different from one half. U may IherehSjta^^^ 
generally stated that a mixture of steam and wal«r, 
expanded in a non-conducting cylinder, will show {jartlai lpi^ 


densation if more than half is steam, and partial crafmmttQii :;i| 
more than halt water. If the mixture is nearly half wiiltsf i 
half steam, the change must be invcstigaletl to determine whl||iit 
evaporation or condensation will occur; but in any ayti;|Pl« . 
action will be small. v l| 

External Work during Adiabatic Expansion. -- Since Do Ubl 
is transmitted during an adiabatic ex)amsiun, nil of the 
energy lost is changed into external work, so that, by 

ty “ El — 72, w ^ (Ji a:,/*, — xj>,) , 

For exatnpie, the external work of one pound of dry 
expanding adlabatically from loo pounds to 15 pound!i 
is ' 


W «=> 778 (397.9 
W » lao.a X 778 


I X 803.8 0.8971 X 


93,500 foot-pounds, 


Attention should lie called to the unavoidable dofecl oi|hii- 
method of calculation of external work during ndinballe 1'; 
sion, In that it depends on taking the difTcrcnce of qit a AW ^ 
which are of the same order of magnitude, For 
above calculation appears to give four places of slgnifioEiiil 
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while, as a matter of fact, the total heat H from which p is derived 

is aifcctccl by a probable error of or perhaps more. Both 
the quantities 

3, -I- A'lP, and 3, H- 

have a numerical value somewhere near 1000, and an error of 
is nearly equivalent to two thermal units, so that the probable 

error of the almvc calculation is nearly two per cent. For a 
wider range of temperature the error is less, and for a narrower 
range it is of course larger. This matter should bo borne in 
mind in considering the use of approximate methods of calcula- 
tions; for example, the temperature-entropy diagram to be dis- 
cussed later. 

The adiabatic curve cannot bo well rcpro.scntcd by an expo- 
nontial equation; for if an c.\ponent be determined for such a 
curve passing through points representing the initial and final 
states, it will be found that the exponent will vary widely with 
different ranges of pres.surc, and still more with different initial 
values of a; and that, further, the intermediate points will not be 
well represented by such an exponential curve even though it 
passes through live initial and final points. 

This fact was first pointed out by Zciincr, who found that the 
most important clement in determining •« was .v„ the initial con- 
dition of the mixture. He gives the following empirical formula 
for determining n, which gives a fair approximation for ordinary 
ranges of temperature i 

w 1.035 * 1 * O.IOOA,. 

There docs not appear to be any good reason for using an 
exponential equation in this connection, for all problems can be 
solved by the method given, and the action of a lagged steam- 
engine cylinder is far from being adiabatic. An adiabatic line 
drawn on an indicator-diagram is instructive, since it shows 
to the eye the difference between the expansion in an actual 
engine and that of an ideal non-conducting cylinder) but it can 
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be intelligently drawn only after an elaborate engine teat, |Qji| 
general purposes the hyperbola is the beat curve for comparlsoiil 
with the expansion curve of an inciicttior diagram, for the reasd^ 
that it is the conventional curve, and i» near enough to the curt|| 
of the diagrams from good engines to allow a practical englneciH 
to guess at the probable behavior of an engine, from the dlagraj^i 
alone, It cannot In any sense be considered ii» the theoretic 
curve. 

Temperature-Entropy Diagram. >— If the cniropi^ of 
liquid and the entropies of vaporization for steam arc plotted 
temperature for ordinates we gel a diagram like pa; very cqgflp 

mojity iitoolutc icmperatur^i 
are taken in drawing the diifij 
grnm in artier to cmphaalai 
the rdlc played by abaoltit® 
temperatures in the delflSi| 
mination of the cfRclcncy tp 
Cm mot 's cycle. It would «eCi|j 
bcllcr to take the lcmpcratg|s 
by the centigrade or the F«|| 
rcniicii thermometer, as tH^ 
are the Imsb of stcajn*labti^ 
and the Icmpcralure-entropy diagram la the equivalent of such^ 
table. 

Now the entropy of a mixture contRining x part steam is 



so that the entropy of a mixture containing x part of steam 
be determined by dividing the line such a* th (which reprcsC|S|| 
the entropy of vaporization) in the proper ratio. ||| 

dc 

ds --<1 

It is convenient to divide tlie several lines like aft and 
tenths and hundredths, and Uten, if an adiabatic cxpansloif 1 



TEMPERATURE-ENTROPV DIAGRAM 


105 


■ 






represented by a vertical line like be, the entropy at c may be 
determined by inspection of the diagram. Conversely, by noting 
the temperature at which a given line of constant entropy crosses 
a line of given quality we may determine the temperature to 
which it is necessary to expand to attain that quality, a determina- 
tion which cannot be made directly by the equation. 

When a temperature-entropy diagram is luscd as a substitute 
for a “Table of the Properties of Saturated Steam,’* it is custom- 
ary to draw the lines of constant quality or dryness factor, and 
' other lines like constant volume lines and lines of constant heat 
contents or values of the expression 


xr -I- q, 


the use of which will appear in the discussion of steam-engines 
and steam-turbines. 

To got a series of constant volume lines wc may compute the 
volume for each quality », «=« .i„ .Vj, “ ,2,x .3, etc., by the 

equation 


V XU -I- <r, 


and since the volume increases proirortionally to the increase in 
X, wc may readily determine the points on that line for which 
the volume shall be whole units, such as a cubic feet, 3 cubic feet, 
etc. Points for which the volumes are equal may now be con- 
nected by fair curves, so that for any temperature and entropy the 
volume may readily be estimated. 

Curves of equal heat contents can be constructed in a similar 
way, 

If desired, a curve of temperatures and pressures can be drawn 
so that many problems can be solved approximately by aid of the 
compound diagram. 

At the back of this book a tcmpcraturc-cntropy diagram will 
be found which gives the properties of saturated and superheated 
steam. It is provided with a scale of temperatures at cither 
side, and a scale of entropies at the bottom, while there is a scale 
of pressure at the right. 
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To solve a problem like that on page 100, i.e., to find lh« 
after an adiabatic expansion from 100 poiinrls absolute to |^a 
pounds absolute, and the specific volum'C at the initial anti 
states, proceed as follows: llli 

From the curve of temperatures and pressures, bcIccI the 18^^ 
pcralure line which corresponds to 100 pounds and note whe MM 
cuts the saturation curve, because it is ansaumed that the 
initially dry. The diagram gives the entropy as uppro*iffl||^^ 
1. 61. Note the temperature line which cuts the temperftisii|^^^ 
pressure curve at 15 pounds, and estimate the value of w frem|^ 
intersection with the entropy line 1.61; by this inctUod the va,l|P| 
of X is found to bo about 0.89. In like manner the volume 
be estimated to be about 23.4 cubic feet. 

Temperature-Entropy Table. — Now that the computationi^^^ 
isoentroplc changes has ceased to be the tlivcraion of stude^ra 
of theoretical investigations and has become the nccwltyl lB 
engineers who arc engaged in such maltcra na the dtslgl^S 
steam-turbines, the spmewhat inconvenient mctluKls which 
incapable of inverse solutions, have become somewhat bur(li|^J 
some. A remedy has been sought in the use of tcmpertttut^:|| 
entropy diagrams just described. Such a diagram to be roft|^ 
useful in practice must bo drawn on so Inrge a scale aa to be 
inconvenient, and even tlien is liable to lock accuracy, Te 
this condition of alTairs a tomperaturc-chtropy table haa bcea ©aiS^I 


puted and added to the "Tables of the Properties of SatuniW 

!♦ -r. .1 . . . , . - „ . \ W& 


Steam," In this table each degree Fahrenheit from 180® to (jappn 
is entere<| together with the corresponding preasure. 


have been computed and entered in the proper columns 




following quantities, namely, heal conlenls xr + and. 

specific volume V, for each hundredth of a unit of entropy, 


^ In the use of this table It Is recommended to lake the nearari® 
degree of temperature .corresponding to the absolute preMUra^S 
if pressures are given. FoUpwlng the lino across the tabic se®' 
that cohamn of entropy which corresponds most nearly with th|8 
imtial condition; the corresponding JniUnl volume may be rcaj J 
c irect y. Follow down the entropy column to the lower tcmpci^ 
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aUirc and then find the vAlue of x and the specific volume. The 
external work for adiabatic expansion may now readily be found 
by aid of equation (120), page 102. As will appear later, the 
problems that arise in practice usually require the heat contents 
and not the intrinsic energy, so that property has been chosen 
in making up the table. 

For example, the nearest temperature to 100 pounds per square 
inch is 328° F.; the entropy column 1.59 gives for x, 0.995, which 
indicates half of one per cent of moisture in the steam. The corre- 
sponding volume is 4.39 cubic feet. The nearest temperature to 
15 pounds absolute is 213° F., and at 1.59 entropy the quality 
is 0.888 and the specific volume corresponding is 23.2 cubic 
feet. 

If greater accuracy is desired we must resort to interpolation. 
Usually it will be sufficient to interpolate between the lines for 
temperature in a given column of entropy, because the quantity 
that must bo determined accurately is usually the (Ufjercnce 

Xifi + (?, - (»/, -h (?,) 

and this difference for two given temperatures li and /j is very 
nearly the same if taken out of two adjacent entropy columns. 
A similar result will be found for the difference 

^iPi 'I* ?t d" !/s)> 

if computed for values of x found in adjacent columns. 

Another way of looking at this matter is that one hundredth 
of a unit of entropy at 330 pounds corresponds to one per cent 
of moisture. 

Evidently this table can bo used to .solve problems in which 
the final volumes arc given, or, as will appear later, to determine 
intermediate pressures for steam-turbines. 
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SXAMPLeS. 


/ 1. Water ui iqo“ F. b ftd tcj a kjllcr In which the 

lao pounds nlwolulc {wr ittiimre Inch* How much h«it; nu^ 
be supplied to c\iif>oralc each ptjund? An#. a.t.e» 

'^ 2. One [xjund wet steam ni 150 jjaimd!!* abwlule oeeii|fe4,j 
cubic feet. What per cent of mobiure b prwtsni? Wli|i| ls [hii; 
"quality" of the fit«?am? Ans, ly.i per eeni nf molHu|s#« 
.Sag. 

. 3. A ijountl of steam and water at 150 pounds ptifusure b 
^6 steam. What b the Increjiae of entropy above that of 
33*?.? Ans. 

, i|. A kilogram of chloroform at 100** C- h «*-M vapor. Wlwt k 
‘Italic Increase of entrojiy nlmve that of the Ikpifel it oi®C,? AftSi 

0.1 959. 

I,.. 5. The Initial condition of a rnlxiuro c*! wfstier and 
t i»3 330* F., X *» 0.8. What Is the ftnal condition afior 
expansion to 31 a* F.? Ans, ct.74. 

/ 6. The initial condition of a mlxt ure of isicsam and watiife (/ a 
30QO mm., X «* 0.9. Find the condition aliw an adkbfttlteftii^ 
sion to too min. Ans. 0,838. 

7. A cubic fool of a mixture of water and swtia, » 
under the pressure of to |munds by the piwp'. Find l^ydjafts 
after it expands adiabatically till the prt?*Mfe is wdwfii^ le w 
pounds by the gaupf; alio the external work d” Jite 

a,68 cubic feel and 9980 foot.pounds. 

/" 8. Three pounds of a mixture of stMUfn iid «WW||a|j§l 
poimds al»aluie prewure occupy .11.5 CMbte feit, 
heat must be nddtxl to double the volume itt ii» irtBlilpp 
and wltai Is the change of Intrinsic en«|3fl 
750,400 foot-pounds. 

9. Find the intrinsic energy, heat c<Mnicirtai 
5 pounds of a mixture of water and stiW:«f» whikh fe 
Btocm, the pr«ure being ip pounds tthwlttift, Abs**®^ 
energy, 3,710,000; heat contents, stoS 
feet. '-Itt&Ss 






mm 




^^8 


PiUW 

Siililil 
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10, Three pounds of water are heated from 60® F. and evapor- 
ated under 135.3 pounds gauge pressure. Find the heat added, 
and the changes in volume, and intrinsic energy. Ans, Heat 
added, 3490 n.x.u.; increase in volume, 8.99 cubic feet; intrinsic 
energy, 2,520,000. f 

^ II. A pound of steam at 337*.7’F. and 100 pounds gaup 
' ’ pressure occupies 3 cubic feet. Find its intrinsic energy and its 
entropy above 32® F. Ans. Intrinsic energy, 718,000; entropy, 
L336- 

12. Two pipes deliver water into a third. One supplies 300 
gallons per minute at 70® F.; the other, 90 gallons per minute at 
200® F. What is the temperature of the water after the two 
streams unite? Ans. 100® F. 

13. A test of an engine with the cut-off at 0.106 of the stroke, 
and the release at 0.98 of the stroke, and with 4.5 per cent clear- 
ance, gave for the pressure at cut-off 62.2 pounds by the indicator, 
and at release 6,2 pounds; the mixture in the cylinder at cut-off 
was 0.465 steam, and at release 0.921 steam. Find (i ) condition 
of the mixture in the cylinder at release on the assumption of 
adiabatic expansion to release; (2) condition of mixture on the 
assumption of hyperbolic expansion, or that pv »> /»|V,5 (3) the 
exponent of an exponential curve passing through points of pt- 
olT and release; (4) exponent of a curve passing through the initial 
and final points on the assumption of adiabatic expansion; (5) 
the piston displacement was 0.7 cubic feet, find the external work 
under exponential curve passing through the points of cut-off and 
release; also under the adiabatic curve. Ans. (i) 0.472; (2) 

0.524; (3) 11 « 0.6802; (4) « " 1.05891 (5) 3093 and 2120 foot- 
pounds. 
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CHAPTER VII. 


SUPERHEATED VAPORS. 




A DRY and saturated vapor, not in contact “with the Itqi]® 7 
from which it is formed, may be heated to a Icmperaturo 
than that corresponding to the given pressure for tho 
vapor when saturated; such a vapor is said to be 8uperh(tatedp4iA 
When far removed from the temperature of saturation, 8^® Ift ' T 
vapor follows the laws of perfect gases very nearly, but ncip'lpifj'!;!/ 
temperature of saturation the departure from those laws Ifs " 
great to allow of calculations by them for engineering purpoi^-S^f 
All the characteristic equations that have been propif^^i^ ' 
have been derived from the equation 

■pv - RT, 

which is very nearly true for-the so-called perfect gases at mw '' 
crate temperatures and pressures; it is, however, wcU 
that the equation does not give satisfactory results at vtury hlglt.' !::, 
pressures or very low temperatures. To adapt this cquatipBtf^: 
represent superheated steam, a corrective term is added fo ^ 
right-hand side, which may most conveniently be 
be a function of the temperature and pressure, so that;c4|i|tfc - ^ 
tions by it may be made to join on to those for saturated stbftttf '’: 

The most satisfactory characteristic equation of this 
that given by Knoblauch,* Linde, and Klebe, ■. 


■ ' '' 


m It the pressure is in kilograms per square metre, 
cubic metres, and T is the absolute temperature by ; 

♦ MiUcilunsm iiber Porschun^sarhdifiny clc., Hoft 21, S- 33, 1005, i 
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centigrade thermometer. The constants have the following 
values; 


B “ 47.10, 


0.000002, C » 0.031, £> = 0.0052. 


In the English system of units, the pressures being in pounds 
per square foot, the volumes in cubic feet per pound, and the 
temperatures on the Fahrenheit scale, we have 

^ii»=85.85 +0.00000976/1) 


000 


^•0833) (123) 

The following equation may be used with the pressure in 
pounds per square hich: 

y;v«o.S962 T—i> (i +0.0014 P) — 0.0833^ . (123) 

The labor of calculation is principally in reducing the cor- 
rective term, and especially in the computation of the factor 
containing the temperature. A table on page 112 gives values 
of this factor for each five degrees from 100® to 600® F.; the 
maximum error in the calculation of volume by aid of the table 
is about 0.4 of one per cent at 336 pounds pressure and 428° F.; 
that is at the upper limit of our table for saturated steam. At 
150 pounds and 358® F., which is about the middle range 
of our table for saturated steam, the error is not more than 0.2 
of one per cent, which is not greater than the probable error of 
the equation itself under those conditions. At lower prcissures 
and at higher temperatures the error tends to diminish. 

The following simple equation is proposed by Tumlirz* 

p’^BT-Cp (124) 

where p is the pressure in kilograms per square metre, v the 
specific volume in cubic metres, and T the absolute temperature 
centigrade. The constants have the values 

B 47.10 C « 0.016, 

based on the experiments of Knoblauch, Unde, and Klebe. 

* Maiiu Nalnrw* KU 18991 S. 1058, 
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In the English system with the pressure in pounds per squi^ 
foot and the volumes in cubic feet, for ubsolute tempcratu,tii|i 
Fahrenheit, 

pv »=» 85.85 7 ' — 0.356 p (Xlll 


This equation has a maximum error of 0.8 of one per ccilj||^ 
compared with equation (isi). 


TABLE L 

Vnluca of (he fnclor «. 0,08.1.1. 




’TQtn|)«rAturo<| I 


T«mpi)rAlur« 


I imptrAliirt 


900 

6 S 9 -S 

305 

310 


330 


325 

4l'S 

230 

689.5 

ns 

69*1 -5 

240 

699.5 

245 

70-1.5 


195 95 ^ 1.5 


Ii 


0M*5 

079.5 

051 . 5 

089.5 

094*5 
900-S 
11 ) 04.5 
io«0.S 

lOfihS 
iorp,| 
tohui 

1054,3 

1049 - Si ^ 
>«S‘I-S 


Specific Heat, — Two investigations have been made of 
specific heat of superheated steam at constant pressure, crtSil 
Professor Knoblauch* and Dr. Jakob and the other bjf ii 
fessor Thomas and Mr. Short;! the results of the latter’s llJir 
ligation have been communicated ‘for use in this booi 
anticipation of the publication of the com|)lelcd report. 

• Mlllelliingei} Wfier PortehungmbeUnH, llcsfi 36. p. log. 
t Thesta by Mr. Short, Cornell Unlveritiiy 














/» Kg i>er SqCin 

1 

ft 

i 

6 

8 

10 

1ft 

/ Lba iier 1», 

14.9 

2B.4 

5<>'9 

85-3 

113.8 

142.2 



09 ® 

xao° 

MS® 

158® 

1^® 

179® 

187® 

ft FAlir* 

210® 

248® 

280® 

3 « 8 ® 

336® 

35,?... 

388® 

Fnbr, 

Cent. 








3 T 3 ° 

100° 

0*463 

0*478 

. 1 . 

. . * 

* . . 

. . * 

, , . 

309® 

3 ga« 

ISO® 

0.462 

0.515 

. . . 

0.560 

. . . 

0.63s 

200° 

0.462 

0.47s 

0,502 

0.530 

0,597 

ItSa® 

950® 

0*463 

0,474 

0*495 

0.514 

0.539 

0,559 

0.570 

.579® 

300® 

0.464 

0.475 

0*499 

0.505 

0 * 5^7 

0.530 

0.541 

662° 

350® 

0.468 

0.477 

0.492 

0,503 

0.512 

0.522 

0.529 

7 Sa“ 

.(00® 

0.473 

0.481 

0.404 

0*504 

0.512 

0.590 

0.526 


14 


381° 


16 I 

327.5 

200 ° 

309® 


|o.6; 

0.5I 

0.550', 

o.S 3 <>| 

0.531 


o,6oq| 

0*561 

0.543! 

O.S 37 


IB 

1S^>'0| 

206° 

403® 


284 > 4 
211° 
412° 


0.63s 

0,572 

0.5501 

0.545* 


ao 


0,664 

0.585 

0*557 

0*547 


The conslruction of this table is readily understood from the 
following example! — the heat needed to superheat a 
kilogram of steam at 4 kilograms per square centimetre from 
saturation to 300'’ C. The saturation temperature (to the nearest 
degree) is 143** C.} so that the steam at 300° *8 superheated 157° 
and tor this is required the heat 

157 X 0.493 »» 77.3 calories. 

The experiments of Professor Knoblauch were made at 3, 4, 
6 , and 8 kilograms per square centimetre; the remainder of the 
table was obtained from the diagram which was extended by aid 
of cross-curves to the extent indicated. Within the limits of 
the experimental work the table may be used with confidence. 
Exterpolated results arc probably less reliable than those 
obtained directly by Professor Thomas. 
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The following table gives the mean specific heat of super- 
heated steam as measured on a facsimile of Professor Thomas’s 
original diagram without exterpolation* 

SPECIFIC HEAT OF SUPERHEATED STEAM 
Thomas and Short. 


PrflMurQ Lbi» |m Sq« In. (Abaohuo.) 
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Here again the arrangement of the table can be made evident 
by an cxdmiAci — Required the heat needed to superheat steam 
100 degrees at 200 pounds per square incli absolute. The mean 
specific heat from saturation is 0.581, so that the heat required '' 
is 58.1 thermal units. 

Total Heat. — In the solution of problems that arise in engi- 
neering it is convenient to use the total amount of heat required 
to raise one pound of water from freezing- point to the tempera- 
ture of saturated steam at the given pressure and to vaporize 
it and to superheat it at that pressure to the given temperature, 
This total heat may be represented by the expression 

^ 

where / is the superheated temperature of the superheated 
steam, /, is the temperature of saturated steam at the given 
pressure and q and r are the corresponding heat of the liquid 
and heat of vaporization. The mean specific heat Cj, may 
usually be selected from one of the given tables without inter- 
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polation, as a small variation does not have a very large 
effect. 

The total heat or heat .contents of superheated steam in the 
temperature- entropy table were obtained by the following 
method. From Professor Thomas’s diagram giving mean 
specific heats, curves of specific heats at various temperatures 
and at a given pressure were obtained, and the curves thus 
obtained were faired after a comparison with curves constructed 
with Professor Knoblauch’s specific heats at those temperatures. 
These curves were then integrated graphically and the results 
checked by comparison with his mean specific heats. 

Entropy. — By the entropy of superheated steam is meant 
the increase of entropy due to heating water from freezing-point 
to the temperature of saturated steam at the given pressure, to 
the vaporization and to the superheating at that pressure. This 
operation may be represented as follows: 


e + 


jL 4. 

r, t/sr* T 


pressure; 0 and — may be taken from the “ Tables of Saturated 



in which T is the absolute temperature of the superheated steam, 
and is the temperature of the saturated steam at the given 
L, 

Ts 

Steam.” The last term was obtained for the temperature- 
entrbpy tabic by graphical integration of curves plotted 
c 

with values of derived from the curves of specific heats at 

various temperatures just described under, the previous section. 

If the temperature-entropy table is not at hand, the last term 
of the above expression may be obtained approximately by divid- 
ing the heat of superheating, by the mean absolute temperature 
of superheating. 

This may be expressed as follows: 

U' 

i (/ + (>) + 459-5 
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where t is the temperature of the superheated steam, t, is the 
temperature of saturated steam at the given pressure, and c, is 
the mean specific heat of superheated steam. 

If this method is considered to be too crude, the computation 
can be broken into two or more parts. Thus if is an inter- 
mediate temperature, the increase of entropy due to superheat- 
ing may be computed as follows: 


4' {ii + ti) "b 4S9‘S 


4 it + li) + 459-S 


where e/ is the mean specific heat between t, and and c,/' is 
the specific heat between I, and 1. This method may evidently 
be extended to take in two intermediate temperatures and give 
three terms. 

Adiabatic Expansion. — The treatment of superheated steam 
in this chapter resembles that for saturated steam in that it does 
not yield an explicit equation for the adiabatic line. If the 
steam were strongly superheated during the whole operation it 
is probable that the adiabatic line would be well represented 
by an exponential equation, and for such case a mean value of 
the exponent could be determined that would suflicc for engi- 
neering work. But even with strongly superheated steam at 
the initial condition the final condition is likely to show moisture 
in the steam after adiabatic expansion, or, for that matter, after 
expansion of the steam in the cylinder of an engine or in a steam- 
turbine. 

Problems involving adiabatic expansion of steam which is 
initially superheated can be solved by an extension of the method - 
for saturated steam, and this method applies with equal facility 
to problems in which the steam becomes moist during the expan- 
sion. The most ready method of solution is by aid of the tempera- 
ture-entropy table, which may be entered at the proper pressure 
(or the corresponding temperature of saturated steam) and the 
proper superheated temperature, it being in practice sufficient to 
take the line for the nearest tabular pressure and the column 


propehtiks oe sulphur dioxide 


showing the nearest degree of superheating. Following clown 
the column for entropy to the final pressure, the properties for 
the final condition will be found; these will be the heat con- 
tents specific volume, and either thu lemperalure of superheated 
steam or the quality .v, depending on whether the steam remains 
superheated during the expansion or becomes moist. 

If the external work of adiabatic expansion of steam Initially 
superheated is desired, it can be had l;»y taking the difference of 
the intrinsic energies. The heal ctpiivnleni of inlvimsic energy 
of moist steam is 

xp -I- q A! (r ~~ Apti) d* q «« xr f q — Apxu, 

and of this expression the quantity xr d- q may he taken from 
the temperature-entropy table, nnd the quivnlity Apxu nin 
be determined by aid of (he siciim table, ifn like manner the 
heat contents of superheated steam 


which is computed and set down in the temperature-entropy 
table may be made to yield the heat equivalent of the intrinsic 
energy by subtracting the heat equivalent of the external work 
of vaporizing nnd siiperliealing Ihu steam 

Ap (V ™ <r), 

where v is the specific volume of the Bupcrhcalcd steam. This 
method is subject to some criticism, especially when the steam 
Is not highly supcrlvcalcd, because some heat will be required 
to do the disgregalion work of superheating. Fortunately the 
greater part of problems arising in engineering involve the heat 
contents, so that this question is avoidwl. f 

Properties of Sulphur Dloxldo. — One of the most inlercaling^’ 
and important applications of llic theory of auperheautl vapors 
is found in the approximate calculation of properties of certain 
volatile liquids which arc used in rcfrigcmting-machlnes, and for 
which we have not sufRcicnt experimental data to construct tables 
in the manner explained in ilic chapter on Buluratcd vapors, 
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For example, Regnault made experimenls on the pressures 
of saturated sulphur dioxide and ammonia, but did not dc- 
termine the heat of the liquid nor the total heat. He did, 
however, determine some of the properties of these substances 
in the gaseous or superheated condition, from which it is pos- 
sible to] construct the characteristic equations for the super- 
heated vapors. These equations can then be used to make 
approximate calculations of the saturated vapors, for such equa- 
tions arc assumed to be applicable down to the saturated con- 
dition. Of course such calculations arc subject to a considerable 
unknown error, since the experimental data are barely sulTicient 
to establish the equations for the superheated vapors. 

The specific heat of gaseous sulphur dioxide is given by 
Regnault* as 0.15438, and the coefficient of dilatation ns 
0.0039028. The theoretical specific gravity compared with air, 
calculated from the chemical composition, is given by Lundolt 
and Bdrnstcint as 2,21295. Gmelin t gives the following 
experimental determinations: by Thomson, 2.222; by Berzelius,, 
2.247. The figure 2.23 will be assumed in this work, which 
gives for the specific volume at freezing-point and at atmospheric 
pressure 

m 2 : 21 ^ ta 0.347 cubic metres. 

2.23 

The corresponding pressure and temperature arc 10,333 and 
273" C. 

At this stage it is necessary to assign a probable form for the 
characteristic equation, and for that purpose the form 

p^BT’-Cf ..’.... (125) 

proposed by Zeuner has commonly been used, and it is con- 
venient to admit that it may take the form 


p^-^aT-Cf , 


(126) 


^ M6moires (U PhistUid (h France^ loinc xxl, xxvi. 
t Phy^ikalhch(i<hcmisch6 Tah^lhn» 

J Walt’a iransl alien, p. «8o. 



The value of the arbitrary constant a may be determined 
from the coefficient of dilatation as follows. The coefficient 
of dilatation is the ratio of the increase of volume at constant 
pressure, for one degree increase of temperature, to the original 
volume; so that the preceding equation applied at o“C. and at 
l“ C. gives c„ rr, ^ „ 

Po^o = — Cp^ ; 

poVi = -^ oTi — CPo”', 

• '^1 — ^0 ^ ia. _iL . 

Vo -4 pD^o 

The value of a obtained by substituting known values in the 
above equation is 0,212. Now as a appears in both the first and 
the last terms of the right-hand side of equation (126), a con- 
siderable change in a has but little effect on the computations 
by aid of that equation. As will appear later an assumption 
of a value 0.22 for a will make equation (126) agree well with 
certain experiments on the compressibility of sulphur dioxide, 
and it will consequently be chosen. If now we reverse the process 
by which a was calculated from the coefficient of dilatation, 
the latter constant will appear to have a computed value of 
0.004, which is but little different from the experimental value. 

To compute C we have 

0.15438 X 426.9 X 0.22 = i 4 <Si 
and the coefficient of is 


10333 

so that the equation becomes 

pv = 14.5 r •— 48 
Regnault found for the pressures 

Pt— 697.83 mm. of mercury, 
p, = 1341.58 mm. of mercury, 
and at 7°.7 C, the ratio 

^ = 1.02088. 

PiVi 


= 48 nearly; 


. (X27) 
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Reducing the given pressures to kilograms on the square 
metre, and the temperature to the absolute scale, and applying 
to equation (127), we obtain 1.016 instead of the experimental 
value for the above ratio. 

Regnault gives for the pressure of saturated sulphur dioxide, 
in mm. of mercury, the equation 

log p ^ (i— ha** ~ efi**] 
a iw 5.6663790; 
log «« 0.479242s; 
logc “■ 9.1659562 — 10; 
log « ■« 9‘997a989 — 10; 
log p ^ 9.98729002 — 10; 

11 <« I + 28“ C. 

Applying equation (95)) ptvgc l(h to this case, 

JE /ifl;" .p Bp**] 
p <U 

log « ■>« 9.9972989; 
log p «■ 9.98729002; 
log A •»« 8.6352146; 
logi? «« 7*9945333 ; 
fitmf, *1* 38*^ C. 

The specific volume of saturalccl sulphur dioxide may be 
calculated by inserting in equation (127) for the superheated 
vapor the pressures calculated by aid of the above equation. 
The results at several temperatures are ns follows: 

I — 30® C. o + 30® C. 

i 0.829s 0,2256 0.0825 

Andrdcff * gives for the specific gravity of fluid sulphur dioxide 
1,4336; consequently the specific volume of the liquid is 

or Ba 0.0007, 

* Ahh. Cltem. Pharm,, 1859 . 






properties of sulphur dioxide 

The value of r, the heat of vaporization, may now be calcu^ 
lated at the given temperatures by equation (io6), |)agc 9, 

r « AnT^^, 

in which u^s-<r. 

The results are 

, -3o“C. 0 -b 30^*0. 

r 106.9 97*f»o 

Within the limits of error of our mdliotl of iiilculiiuon, tlt'v 
value of r may be found by tlic equation 

r '» 98 0.27 f i5i8) 

The specific heat of the liqukl i.s derived by ilu* folh.winR 
device. First assume that lltc entropy of the sma-rheaitil vajiur 
may be calculated by the ccjualuni 

d<l) »“ (Cr C/t) 

given on page 67 for perfect gases. This may be irnn»formc*l 
(Ifj, ^ Cp(^^- jdpj . . . . fiagi 

But if we introduce into the equation for a perfect gas 

pv RT^ 

the value of R from the equation 

c ^ Cf, ARi 

the characteristic equation may lake Ihe form 

. €u 1 

py ma i , 

A ^ 

Comparison of this equation with equation (ia6) suggests 
replacing the term |n equation (uq) by the nrblirary 
factor a, so that it may read 
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The expression for the entropy of a liquid and its vapor is 
f + &ovj,+fcdf 

if the vapor is dry. When differentiated this yields 

s=> ^ (edi 'I- dr ~ .... (131) 

If it be assumed that equations (130) and (131) may both be 
applied at saturation we have 

'■ ■ ■ <' 3 ») 

If it be admitted further that the differential coefficient ^ can 

be computed by the equation on page 120, the above equation 
affords a means of estimating the specific heat of the liquid. At 
0° C., this method gives for the spcciflc heat 

c o*4i 

In English units we have for superheated sulphur dioxide 

pv => 26.4 T — iSip ®’” (133) 

the pressures being In pounds on the square foot, the volumes 
in cubic feet, and the temperatures in Fahrenheit degrees 
absolute. 

For pressures in pounds on the square inch at temperatures 
on the Fahrenheit scale, * 

log “ a — « b«” — c^i 

a « 3.9527847; 

■ log ft = 0.4792425; 
log c ■= 9.1659562 -■ 105 
log a => 9.9984994 — 10; 
log = 9.99293890 — 10; 

» = / + i 8°.4 F. 
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PROPERTIES OF AMMONIA 


For the heat of vaporization 

r = 176 — 0.27 (f - 
and for the specific heat of the liquid 


(134) 


In applying these equations to the calculation of a table of 
the properties of saturated sulphur dioxide the pressures corre- 
sponding to the temperatures are calculated as usual. Then 
the heat of the liquid is calculated by aid of the constant specific 
heat. The heat of vaporization is calculated by aid of equation 
(134). Next the specific volume is calculated by inserting the 
given temperature and the corresponding pressure for the sat- 
urated vapor in the characteristic equation (133)- Having 
the specific volume of the vapor and that of the liquid, the heat 
equivalent (Apu) of the external work is readily found. Finally, 
the entropy of the liquid is calculated by the equation 


1 ^ 

c log< — 

J. Q 


(13s) 


If the reader should object that this method is tortuous and 
full of doubtful approximations and assumptions, he must bear 
in mind that any method that can give approximations is better 
than none, and that all the computations for refrigerating- 
machines, that use volatile fluids, depend on results so obtained. 
And further, much of the waste and disappointment of earlier 
refrigcrating-machines could have been avoided if tables as good 
as those computed by this Method were then available. 

Properties of Ammonia. — The specific heat of gaseous 
ammonia, determined by Kegnault, is 0.50836. The theoretical 
specific gravity compared with air, calculated from the chemical 
■ composition, is given by Landolt and Bernstein as 0.58890. 
Gmelin gives the following experimental determinations: by 
Thomson, 0.5931 ; by Biot and Arago, 0.5967. For this work 
the figure 0.597 will be assumed, which gives for the specific 
• volume at freezing-point and at atmospheric pressure 

^ = 1,50 cubic metres. 
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The cocfRcicnl of dilalalion has not been determined, and con- 
sequently cannot be used to determine the value of a in equation 
(ia6). It, however, appears that consistent results arc obtained 
if a is assumed to be The coeiTicicnt of T then becomes 

0.50836 X 426-9 X i « 54 . 3 > 

and the coefficient of is 

54-3 X 3 73 ^^i 3 .X 1,30 ^ 

10333* 

so that the equation becomes 

. . pv « 54.3 T - 14a (136) 

The coefficient of dilatation, calculated by the same process 
as was used in determining a for sulphur dioxide, Is 0,00404, 
which may be compared with that for sulphur dioxide. 
Rcgnault found for the pressures 

703.50 mm. of mercury, 

Pi 1435,3 mm. of mercury, 

and at 8®.i C, the ratio 

I ^ ■ . 

• ■ • ■ P£ i ma 1 , 01 88 , 

..I . 

while equation (136) gives under t|^c same conditions i.oaoo, 
For saturated ammonia Regnault gives the equation 

log /> «« a l>ci” r- c/J"> 

0 - iii504333&l 
log i 0.879x769; 
log c « 9.9777087 — lo; 

'' ' log a =» 9.999661:4 — loi 

log ^ » 9,9939799 — i6| 

» •=> / 4 - 22® C.) 
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by aid of which the pressures in mm. of mercury may be calculated 
for temperatures on the centigrade scale. The differential 
coefficient may be calculated by aid of the equation 

= Aa" + 

p at 

log A = 8.1635170 — 10; 
log B = 8.4822485 — 10; 
log a = 9.9996014 — 10; 
log = 9-9939729 — loi 
« = ^ + 22° C. 

The specific volume of saturated, ammonia calculated by 
equation (136) at several temperatures are 

t - ao'* c. o + 30® c. 

5 " 0.9982 0.2961 0.1167 

Andr6eff gives for the specific gravity of liquid ammonia at 
o'* G. 0.6364, so that the specific volume of the liquid is 

<r 5=t 0.0016* 

The values of r at the several given temperatures, calculated 
by equation (128), are 

I — 3o'’.C. o + 30° C- 

r • 325-7 3°o-iS =77-5 

which may be represented by the equation 

f ass 300 — 0*8 L 

heat of the liquid, calculated by aid of equation 
(^32)- is , tt 

in English units the properties of superheated or gaseous 
ammonia may be represented by the equation 
pv- 99 T — 710 p^, 

K ih which the pressures are taken in pounds on the square foot 
and volumes in cubic feet, while T represents the absolute 
in Fahrenheit degrees* . 
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The pressure in pounds on the square inch may be calculated 
by the equation 

log p a — ba'* ~ c/S"; 



(1 

9.7907380; 


log 

J) sen 

0.8721769 “ 

■ 10; 

log 

C 

9.9777087 - 

- 10; 

log 

d. 

9.9997786 ~ 

■ 10; 

log 


9.9966516 - 

- 10; 



t -(- f,6 F. 



The heat of vaporization may be calculated by tlic equation 
r 546 — 0.8 (/ — 32), 
and the specific heat of the liquid is 


c ^ I. I. 


EXAMPUE8. 


1. What is the v\reight of one cubic foot of superheated steam 
at 500® F. and at 60 iwunds pressure absolute? Knoblauch’s 
equation. Ans. 0.106 pounds. 

2. Superheated steam at 50 pounds absolute has half the 
density of saturated steam at the same pressure. What is the 
temperature? Tumlirz’s equation. Ana. 930° F. 

3. What is the volume of 5 pounds of steam at 129.3 pounds 
gauge pressure and at 3S9°.5 F.? Ans. 15.8. 

4. At 129.3 pounds gauge pressure 2 pounds of steam occupy 
7 cubic feet. Find its temperature. Assume value of T for 
entering Table I, page 112, and solve by trial. Ans. 424® F. 

5. A cubic foot of steam at 140 pounds absolute weighs 0.30 
pounds. What is its temperature? Ana. 374" F. 

6. Two pounds of steam and water at 129.3 pounds pressure 
above the atmosphere occupy 6 cubic feet. Heat is added and 
the pressure kept constant till the volume is 8.5 cubic feet. Find 
Vlie final condition, and the external work done in expanding. 
Ans. Temperature 681° F.; work 51800. 
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7. Saturated steam at 150 pounds gauge, containing 2 per cent 
of water, passes through a superheater on its way to an engine. 
Its final temperature is 400® F. Find the increase in volume 
and the heat added per pound. 

8. Let the initial temperature of superheated steam be 380® F. 
at the pressure of 150 pounds absolute. Find the condition 
after an adiabatic expansion to 20 pounds absolute. Determine 
also the initial and final volumes. Ans. (i) 0.895; (2) 3.09 
cubic feet; (3) 17*8 cubic feet. 

9. In example 14, page 109, suppose that the steam at cut-off 
were superheated 10° F. above the temperature of saturated 
steam at the given pressure, and solve the example. Ans, 
(i) 0.887; (2) 87° superheating; (3) same as before; (4) » = 
1.137; (5) 1972 and 1950 foot-pounds. 
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CHAPTER VIII. 

THE STEAM-ENGINE. 


The steam-engine is still the most important heat-engine, 
though its supremacy is threatened on one hand by tiic ateam- 
turbine and on the other by the gas-engine. When of large size 
and properly designed and managed its economy is excellent and 
can be excelled only by the largest and best gas-enginesj 
and in many cases these engines (even with the advantage of 
a mpro favorable range of temperature) depend for their com- 
mercial success on the utilization of by-products. 

It can be controlled, regulated, and reversed easily and posi- 
tively — properties which arc not possessed in like degree by 
other heat-engines. It is interesting to know that the theory 
of thermodynamics was developed mainly to account for the 
action and to provide methods of designing steam-engines; 
though neither object is entirely accomplished, on account of 
the fact that the engine-cylinder must be made of some metal to 
be hard and strong enough to endure service, for all metals arc 
good conductors of heat, and seriously affect the action of a con- 
densable fluid like steam. 

Carnot's Cycle for a steam-engine is repre- 
sented by Fig. 31, in which ab and cd arc 
isothermal lines, representing the application 
and rejection of heat at constant temperature 
and at constant pressure, be and da arc 
adiabatic lines, representing change of tem- 
perature and pressure, without transmission 
of heat through the walls of the cylinder, 
The diagram representing Carnot’s cycle has an external resem- 
blance to the indicator-diagram from some actual engines, 
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but it differs in essential particulars. 




CARNOT’P CYCLE 


In the condition represented by the point a the cylinder con- 
tains a mixture of water and steam at the temperature and 
the pressure If connection is made with a source of heat 
at the temperature and heat is added, some of the water will 
be vaporized and the volume will increase at constant pressure 
as represented by ah. If thermal communication is now inter- 
rupted, adiabatic expansion may take place as represented by be 
till the temperature is reduced to the temperature of the 
refrigerator, with which thermal communication may now be 
established. If the piston is forced toward the closed end of 
the cylinder some of the steam in it will be condensed, and the 
volume will be reduced at constant pressure as represented by 
cd. The cycle is completed by an adiabatic compression rep- 
resented by da. 

If the absolute temperature of the source of heat is Tj, and 
if that of the refrigerator is T,, then the efficiency is 




whoever may be the working fluid. 

For example, if the pressure of the steam during isothermal 
expansion is loo pounds above the atmosphere, and if the pressure 
during isothermal compression is equal to that of the atmos- 
phere, then the temperatures of the source of heat and of the 
refrigerator are 337^.6 F. and 212° F., or 797.1 and 671.5 abso- 
lute, so that the efficiency is 

: 797 -^ 0.157. 

797-1 

M The following table gives the efficiencies worked out in a 
similar way, for various steam- pressures, — both for equal to 
KJ ^ 2® cones ponding to atmospheric pressure, an or j, 
equal to .116° ]?,, corresponding to an absolute pressure of 1.5 
pounds to the square inchj 
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EFFICIENCY OF CARNOT’S CYCLE FOR STEAM-ENGINES. 


Initial Pressure 
by tiitt Gauge, 
above tbe 
Attnosphere* 

Aimoipberic 

PreiBure* 

i.S Pounds 
Abaohile. 

IS 

0.053 

0. r8Q 

30 

0.084 

0.315 

60 

0.134 

0.3^0 

100 


0.378 

ISO 

0, I&O 

0.303 

300 

0.309 

0,330 

300 

0.338 

0-347 












The column for atmo.spherlc pressure may be used as a 
standard of comparison for non-condensing engines, and the 
column for 1.5 pounds absolute may be used for condensing 
engines. 

It is interesting to consider the condition of the fluid in the 
cylinder at the different points of the diagram for Carnot’s 
cycle. Thus if the fluid at the condition represented by h in 
Fig. 31 is made up of part steam and i—a'j part water, then 
from equation (118) the condition at the point c is given by 


\i i 


. . . . (137) 


In like manner the condition of the mixture at the point d is 

• • • • 

It is interesting to note that if Xi is larger than one-half, that 
is, if there is more steam than water in the cylinder at f>, then 
the adiabatic expansion is accompanied by condensation. Again, 
if Xa is less than one-half, then the adiabatic compression is also 
accompanied by condensation. Very commonly it is assumed 
that Xi, is unity, so that there is dry saturated steam in the cylin- 
der at b\ and that Xa is zero, so that there is water only in the 
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cylinder at a] but there is no necessity for such assumptions, 
and they in no way afTcct the efficiency. 

The temperature-entropy diagram for Carnot’s cycle for a 
steam-engine is shown by Fig. 32 . on which arc drawn also the 
lines for entropy of the liquid 
m, and the entropy of satur- 4 llT ' 

ated vapor be, as well as the ^ j 

lines which represent the value / j 

of a;, the dryness factor. This ,,„»»/// 

diagram represents to the eye /(In 

the vaporization during the ^,^,4 / ^]jr~ 
isothermal expansion ab, the /«4 J , ^ 

partial condensation during r-r> • • ■ i ' ' ' 

the adiabatic expansion be, 

the isothermal condensation along cdf and the condensation 
during the adiabatic compression da. In the diagram the work- 
ing substance is shown as water at « and as dry steam at h 
the efficiency would clearly be the same for a cycle a' ¥ ¥ d , 
which contains a varying mixture of water and steam under alt 

conditions. ^ . ,.u 

If the cylinder contains M pounds of steam and water, tne 

heat absorbed by the working substance during isothermal 

expansion is 


Ra Jl'/f*! (iVj — . . . . • 

and the heat rejected during Isothermal compression is 
Q, ■«< ilfr, (iVo .^d)» 

so that the heat changed into work during the cycle is 
- g, « Mjri (.v» - ~ r, -7 

But from equations (137) uticl (138) 

f, (Xo »«()•“ “■ ^0)1 


(139) 
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and the expression for the heat clmnged into work becomes 

( 2 , - Q, <« Mr I - Xa) ^ ^ ^ 

1 

This equation is deduced because it is convenient for making 
comparisons of various other volatile liquids and their vapors 
with steam, for use in heat-engines. It is of course apparent 

. 0 < - 0 - T. " r, 

Qi r, ’ 

from equations (139) and (140), a conclusion which is known 
independently, and indeed is necessary in the development oi 
the theory of the adiabatic expansion of steam. 

In the discussion thus far it has been assumed that the work- 
ing fluid is steam, or a mixture of steam and water. But a 
mixture of any volatile liquid and its vapor will give similar 
results, and the equations deduced can be applied directly. The 
principal difference will be due to the properties of the vapor 
considered, especially its specific pressures and specific volumes 
for the temperatures of the source of bent and the refrigerator, 
For example, the efficiency of Carnot’s cycle for a fluid 
working between the temperatures r6o® C. and 40° C. is 


IBB 

100 -h,273 

The properties of steam and of chloroform at these tempera- 


lures arc 

Sionm* 

Clilorofomi. 

f®' 


HO® C. lOo® C. 

HO’C. 

i( 5 o® C. 


ProEflyrci mm. mercury . 

■ S'l-ei 4651,-1 

369.96 



Volume, cubic metrc« » . 

, 10. M 0.303s 

Om| 4-|9 

0.0343 ■ 


Ifcftt of vaporliJiuion, r . 

, 578.7 -ig^.a 

6.1- 13 

50*53 

M 

Entropy of liquid, 0 , , , 

. 0,136.1 0.-1633 

0.03196 

0.11041 

For simplicity, wc 

may assume that one 

kilogram of the fluid 

ii 

is used in the cylinder for Carnot’s cycle, 

and that is unity 


Q. - Q. 


T, - r. 
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and for steam 

Qt-Qi^ 494.a X 0.277 137 calorics, 

while for chloroform 

Q, - Q, “ SO‘53 X 0.377 14 calorics. 

After adiabatic expansion the qualities of the fluid will be, 
from equation (137 )t ^^r steam 

_ 40 + 273 - / — d 9 A ;. ? 4- 0.4633 - 0.1364) “• 0.795, 

” 578 ' ®73 ' 

and for chloroform 

„ 40 + 171 . / — -SSiSi-™- .(. 0.11041 — 0.03106) e«> 0.969. 

” 63.13 \ 160 -!■ ' > 

The specific volumes after adiabatic expansion nru, conse- 
quently, for steam 

V, » -I- ‘T - 0.79s (19*74 0.001) -I- 0.001 «« 15.7, 

and for chloroform 

“ 0.969 (0.4449 0*000655) -I- 0.00065s w 0.431* 

These values for v, just calculiilccl arc the volumes in the 
cylinder at the extreme displacement of the piston, on the t 

assumption that one kilogram of the working fluid is vaporized j 

during isothermal expansion. A belter idea of the relative | 

advantages of the two fluids will be obltiinccl by finding the I 

heat changed into work for each cubic metre of maximum piston- i 

displacement, or for a cylinder having llte volume of one cubic I 

metre. This is obtained by dividing Qt Q,i the heat changed 
into work for each kilogram by v,. For steam the result la 


iQi - Qi) + V, «»> 137 4* 15.7 8.73, 


and for chloroform it is 

I (Q, - Qj) 4 - r, I® 14 - 5 - 0.4J3 34; 

I from which it appears that for the same volume chloroform 

|l can produce more limn three and a half limes as much power. 


ii 
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Even if we consider that the difference of pressure for chloro, 
form, 

8734'2 - 369.3 = 8364.9 mm., 
is nearly twice that for steam, which has only 
4651.4 - 54.9 = 4S9<5-S 

difference of pressure, the advantage appears to be in favor of 
chloroform. If, however, the difference of pressures given for 
chloroform is allowable also for steam, giving 

8364.9 + 54.9 » 8419.8 mm. 

for the superior pressure, then the initial tempcTaturc for steam 
becomes i84“.9 C., and the efficiency becomes 


184.9 + 273 


0.318, 


instead of 0.277. On the whole, steam is the more desirable 
Auid, even if we do not consider the inflammable and poisonous 
nature of chloroform. Similar calculations will show that on 
the whole steam is at least as well adapted for use In heat-engines 
as any other saturated fluid; in practice, the cheapness and 
incombustibility of steam indicate that it is the preferable fluid 
for such uses. 

Non-conducting Engine. Rankine Cycle. ~ The conditions 
required for alternate isothermal expansion and adiabatic expan- 
sion cannot be fulfilled for Carnot’s cycle with steam any more 
than they could be for air. The diagram for the cycle with 
steam, however, is well adapted to production of power; the 
contrary is the case with air, as has already been shown. 

In practice steam from a boiler is admitted to the cylinder of 
the steam-engine during that part of the cycle which corre- 
sponds to the isothermal expansion of Carnot’s cycle, thus trans- 
ferring the isothermal expansion to the boiler, where steam Is 
formed under constant pressure. In like manner the isothermal 
compression is replaced by an exhaust at constant pressure, 
during which steam may be condensed in a separate condenser, 
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cooled by cold water. The cylinder is commonly made of cast 
iron, and is always some kind of metal; there is consequently 
considerable interference due to the conductivity of the walls of 
the cylinder, and the expansion and compression are never 
adiabatic. There is an advantage, however, in discussing first 
an engine with a cylinder made of some non-conducting material, 
although no such material proper for making cylinders is now 
known. 

The diagram representing the operations in a non-conducting 
cylinder for a steam-engine (sometimes called the Rankine cycle) 
can be represented by Fig. 33. ab represents 
the admission of dry saturated steam from 
the boiler; be is an adiabatic expansion to the 
exhaust pressure; cd represents the exhaust; 
and da is an adiabatic compression to the 
initial pressure. It is assumed that the small 
volume, represented by a, between the piston and the head of 
the cylinder is filled with dry steam, and that the steam remains 
homogeneous during exhaust so that the quality is the same at 
d as at c. These conditions are consistent and necessary, 
since the change of condition due to adiabatic expansiori (or 
compression) depends only on the initial condition and the 
initial and final pressures; so that an adiabatic expansion from 
to d would give the same quality at d as that found at c after 
a.diabatic expansion from 6, and conversely adiabatic compres- 
sion from d to a gives dry steam at a as requirejl. 

The cycle represented by Fig. 33 differs most notably from 
Carnot’s cycle (Fig. 32) in that ab represents admission of steam 
and cd represents exhaust of steam, as has already been pointed 
put. It also differs in that the compression da gives dry steam 
instead of wet steam. The compression line da is therefore 
steeper than for Carnot’s cycle, and the area of the figure is 
slightly larger on this account. This curious fact does not 
indicate that the cycle has a higher efficiency; on the contrary, 
the efficiency is less, and the cycle is irreversible, ^ 

‘ If the pressure during admission (equal to the pressure in 


\a to 



Fig, 33‘ 
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the boiler) is j(>„ and if the pressure during exhaust is then 
the heat required to raise the water resulting from the conden- 
sation of the exhaust-steam is 

-<lv 

where q^ is the heat of the liquid at the pressure and 5, is the 
heat of the liquid at the pressure py The heat of vaporization 
at the pressure is r„ so that the heat required to raise the feed- 
water from the temperature of the exhaust to the temperature 
in the boiler and evaporate it into dry steam is 

< 2 , -I- 9 , “ ?a ( 141 ) 

and this is the quantity of heal supplied to the cylinder per 
pound of steam. 

The steam exhausted from the cylinder has the quality 
calculated by aid of the equation 




T 

.La 




ma 




ea I 




U + h - 


If values are assigned to Py and and the proper numerical 
calculations are made, it will appear that the cflicicncy for 4 : 
•non-conducting engine is always less than the cfliciency for 
Carnot’s cycle between the corresponding temperatures. n';; 

It should be remarked that the cfFicicncy is not alTcctecl by 
the clearance or space between the piston and the head of the 
cylinder and the space in the steam-passages of the cylinder, 
provided that the clearance is filled with dry saturated stcani is 


- * I 




I 

m ■! 




and the heat that must be withdrawn when it is condensed is 

Qi (14a) 

this is the heat rejected from the engine. The heat changed 
into work per pound of steam is 

Qy~Qi^ r, - 1 - ff, - 9 , - ai/a .... (143) 
The cflicicncy of the cycle is 



« (144) 








„SE or THE TEMPERATUUE-ENTKOn- IMAHKAM 1 , 1 ! 

1 • Eld n This 13 cvitU'iU from ihL' !n»-T i'aiI aa *' lA* 

"‘‘“'1'lA^^fc'ikaraA c, « voUaaa «1 «, H«. .U, aWhiha |A 

„p«eAl. g he ctaiAAC , ^ „ 

equAUon C‘+t>; ^ „! iht- Blrokt, AreupylAK llii- vol- 

^tirreTiri: aI ciu.H„aAAc., ».> 

si does not affect the ciridcncy of the cyde. RnnkiiiP 

me of the Temperature-Entropy Diagram. 1 hr Ranklnr 

cycTi. «„ 1.1 varying qUAnlUy nl “'“I",;;:*';,; I":. : 

n i ri er- Lscqucntly a proper tempemlure enin.py tlwgram. 

r:;;r,XlAgL .It ..no - .!«■ wnrklAg .Al. 

'he lem:Kr.,ure.c„m,,,y .li,.„nuA 
rlikc rig. JO, page roi, or Ihe plAle Al Ike enri of Ibe t«H,h (or 
Sng pr^liL coAACclcrl with th»l cycle IaaIcaiI of e.|««lloA. 

( 143 ) and (1(14)' 

In the first place we have by ctimi- n 
tion ( 96 ), page 83 , J 

q^fedi, ^ V 

and by equation (ii3)» 97i ig.# ....-o *■ 

. Cedt 

im 

for a volatile liquid. From the latter 


;we have 
therefore 


cdl ■A® 'rd6\ 


J TdO. 




fm> It' 



From this last equation it is evident that the lic«l of the liquid 91 
for water represented by tlic point a in l^g. 34* inensurctl by 





W\ rl' ' r l{1 


J!r. 

Ete>$ 


Mil 






THE STEAM-ENGINE 


the area Owao. In like manner the heat of the liquid cor* I 
responding to the point rf, is represented by the area Owrfff* ^ 
Again, the heat added during the vaporization represented by 

ah^ is f j, while the increase of entropy is-;^. Therefore the heat = 

pf vaporization can be represented by the area oabp. In like ■ 
nmnner the partial vaporization can be represented by the 
area ndep. Therefore the heat changed into work for the cycle 
in Fig, 33, which has been represented by 

- ■ ^ + ffi - Gv* + ffj). , 

tkn equally well be represented by the area 

abed ^ area Omao -f area oabp 
— (area Omdn + area 

It will consequently be sufficient to measure the area abed 
by any means, for example, by aid of a planimeter, in order to / 
determine the heat changed into work during the operation of the 
nop-conducting engine working on the Rankine cycle, If the plan- 
imeter determines the area in square inches, the scale of the draw- ' 
ing for Fig. 34 should be one inch per degree, and one inch per 
unit of entropy, or, if other and more convenient scales are to be ; n; 
used, proper reductions must be made to allow for those scales, ' 
It must be firmly fixed in mind that the use of a diagram like 
Fig. 34 is justified because it has been proved that the area . 
abed (drawn to the proper scale) is numerically equal to the 
•heat changed into work as computed by equation (143), and. ;i ;; 
that the diagram does not represent the operations of the eyelet X 
This is entirely different from the case of the diagram, Fig* 32, 
which correctly represents the operations of Carnot cycle. 

The illustration of the use of the temperature-entropy diagram : 
for this purpose is chosen for convenience with dry saturated; (i'. 
steam at &, Fig. 34. It is evident that it could (with equal ; f 
propriety) be applied to an engine supplied with moist steam if 
is replaced by x/^in equation (143) and if b is located at the, j 
ptbpqr place between a and b, . i? 

^•<The actual measurement of areas by 'a planimeter is seldom 
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if ever applied, but the diagram is used effectively in the dis- 
cussion of certain problems of non-reversible flow of steain. jn 
nozzles and turbines, with allowance for. friction. 

It further suggests an approxirriation that may sometimes be 
useful, especially if the change of pressure (and temperature),js 
small. Thus the area abed may be approximately represented 
by the expression • : 

~ {ab + dc)bc ~ ih ~ 

so that in place of equation (143) we may have 



for the heat changed into work by Rankinc’s cycle. 

This approximivtion depends on treating ab as a straight lii^C) 
and this assumption is more correct as the difference of ternper- 
ature is less; that is for those cases in which equation (143) 
deals with the difference of quantities of about the same magni- 
tude, and may consequently be affected by a large relative error. 

Temperature-Entropy Table. — The temperature-entropy table 
' which has been described on page 106 was computed for solu- 
tion of problems of this nature, more especially in turbine 
design, and enables us to determine the heat changed into work 
directly with sufficient accuracy for engineering work, without 
interpolation ; it also gives the quality x and the specific volume. 

Incomplete Cycle. — The cycle for a non-conducting engine 
' inay be incomplete because the expansion is not carried far 
eribugh to reduce the pressure to that 
of the back-pressure line, as is shown 
in Fig. 35. Such an incomplete cycle 
lias less efficiency than a complete cycle, 
but in practice the advantage of using 
a smaller cylinder and of reducing fric- 
tion is sufficient compensation for the 
small loss of efficiency due to a moderate drop at the end of 
;;the stroke, as shown in Fig. 35. jv 
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The discussion of the incomplete cycle is simplified by 
ing that there is no clearance and no compression as is in 
hy Fig- 35* It ■will be shown later that the efficiency will 
same with a clearance, provided the compression is comp] 
The most ready way of finding the efficiency for this 1 
to determine the work of the cycle. Thus the work, 
admission is t 

( (j Pi («i -(■ "■). 

where is the increase of volume due to vaporization of ft 
of steam, and <r is the specific volume of water. The work 
expansion is 


£» - « - {p^ *1- (/, 


^ePt ~ {?<))) 


where and p^ are the heat of the liquid and the hcat-eqi 
of the internal work during vaporization at the press 
while q, and are corresponding quantities for the presaw 
Xt is to be calculated Ijy the equation 




T_ 

n 





The work done by the piston on the steam during exl 
Pi (-V*!! d' "■)> 

The total work of the cycle Is obtained by adding th 
during admission and expansion and subtracting th 
during exhaust, giving 

2 iPi ApiOiph + - ?.) + (Pi - /»#) I 

The last term is small, and may be neglected. Add! 
subtriicting and multiplying by A, .we get for tit 

equivalent of the work of the cycle 

Ql-Qt’^r^- x,r, + A(p, - p,) — i 

i 


■i 

I 





OK NON-OONOUCTINO K.W.INK ,.,. 

S i»' 

Finally, Uic efficiency of the cycle ih 

n - 0 #“ -h 2, - 

‘ - " V, 'h 2, - <h 


.'. e, = I - 


Qt 
x,r, 


(14H) 


• 2 - -• q» -- AU l zzJbXM. 

+ 2i *“ i/j 

If p, is made equal to p, In the precerlinK 
reducMl to the same form as equation {144). hutausi | 

cinn in such case becomes complete. 

■ steKM-CoMumpllon of Hon-oonduoling Engta».--A h"."- 

Dowcrii 33000 foot-poimcls per minute or 60 X 33000 fcml pouniU 

M^tair lint the heat changed Into work per pound of «l«m 
Ty a non-condnetlng engine with complote cx,n.n.ion U, bp 

equation (143)1 


r, + 2, - 2» 


.r/„ 


so that the steam required per horac-power per hour la 

• ^ 60 X .14000 _ 

778 (r, -t* 2i “■ 'V ») 

Similarly, the steam per horac-power per hour for tin engine 
with incomplete expansion, by aid of cxprcaaion (146), la 

. ..i 60 X .i^OOO , 

, ! 778 {p^ -I- ApiU’i - x%p, - A p^Xfih -I” 2i “■ 1 >) 

The Wue of or Xt is to be calculated by iho general equation 
X 4 0 ^ 

The denominator in either of the above cxprcaslons for the 
steam per horse-power per hour is of course iho work done iwr 
pound of steam, and the parenthesis without the mccdianlcal 
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equivalent 778 is equal to Q, - Q,. If then we multiply and 
divide by 

Q,’^r^ +Q^ - 

that is, by the heat brought from the boiler by one pound of 
steam, we shall have in cither case for the steam consumption 
in pounds per hour 


where 


» „ • m.i. W iJ B53 ■ - 

778 (Q.-(?,)Q. 778e(r,+q,-g,) 


is the ciTicicncy for the cycle. 

Actual Steam-Engine. — The indicator-diagram from an actual 
steam-engine differs from the cycle for a non-conducting engine 
in two ways! there are losses of pressure between the boiler and 
the cylinder and between the cylinder and the condenser, duo 
to the resistance to the flow of steam through pipes, valves, and 
passages; and there is considerable interference of the metal o( 
the cylinder with the action of the steam in the cylinder. The 
losses of pressure may be minimized for a slow-moving engine 
by making the valves and passages direct and large. The 
interference of the walls of the cylinder cannot btr prevented, 
but may be ameliorated by using superheated steam or by steam* 
jacketing. 

When steam enters tlie cylinder of an engine, some of It is 
condensed on the walls which were cooled by contact with 
exhaust-steam, thereby healing them up nearly lo the tempera'- 
turc of the steam, After cut-off the pressure of the steam is ; 
reduced by expansion and some of the water on the walls of 
the cylinder vaporizes. At release the pressure falls rapidly - 
to the back- pressure, and the water remaining on the walls Is 
nearly if not all vaporized. It is at once evident that so much 
of the heat as remains in the walls until release and is thrown 
out during exhaust is a direct loss; and again, the heat which 
•is restored during expansion does work with less elTiciency, 
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bccEiusc it is re 6 vfl.porated at less than the temperature in the 
boiler or in the cylinder during admission, A complete state- 
ment of the action of the walls of the cylinder of an engine, 
with quantitative results from tests on engines, was first given 
by Him. His analysis of engine tests, showing the interchanges 
of heat between the walls of the cylinder and the steam, will be 
given later. It is sufficient to know now that a failure to con- 
sider the action of the walls of the cylinder leads to gross errors, 
and that an attempt to base the design of an engine on the theory 
of a steam-engine with a non-conducting cylinder can lead only 
to confusion and disappointment. 

The most apparent effect of the influence of the walls of the 
cylinder on the indicator-diagram is to change the expansion 
and the compression lines; the former exhibits this change most 
clearly. In the first place the fluid in the cylinder at cut-o 2 
consists of from twenty to fifty per cent hot water, which is found 
mainly adhering to the walls of the cylinder. Even if there 
were no action of the walls during expansion the curve would be' 
much less steep than the adiabatic line for dry saturated steam. 
But the reevaporation during expansion still further changes the 
curve, so that it is usually less steep than the rectangular 
hyperbola. 

It may be mentioned that the fluctuations of temperature 
in the walls of a steam-engine cylinder caused by the conden- 
sation and re 6 vaporation of water do not extend far from the sur- 
face, but that at a very moderate depth the temperature remains 
coniant so long as the engine runs under constant conditions^^ 

The performance of a , steam-engine is commonly stated in 
pounds of steam per horse- power per hour. For example, a 
small Corliss engine, developing 16.35 horse-power when 
running at 61.5 revolutions per minute under 774 pounds 
boiler-pressure, used 54S pounds of steam in an hour. Ihe 
steam consumption was 

548 - 4 - 16.35 = 33*5 

pounds per horse-power, per hour. 
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This methcxl was consklcrcd sufllcicnt in the earlier history 
of the steam-engine, and may now be used for comparing simple 
condensing or non-condensing engines which use saturated 
steam and do not have a steam-jacket, for the total heat of steam 
and consequently the cost of making steam from water at a given 
temperature increases but slowly with the pressure. 

The performance of steam-engines may be more exactly 
stated in British thermal units per horse-power per minute. 
This method, or some method equivalent to it, is essential in 
making comparisons to discover the ndvanlagcs of superheat- 
ing, steam-jacketing, and compounding. For example, the 
engine just referred to used steam containing two per cent of 
moisture, so that ;v, at the stenm-pressure of 77.4 pounds was 
0.98. The barometer showed the pressure of the atmosphere 
to be 14.7 pounds, and tiiis was also the back-])rc3sure during 
exhaust. If it be assumed that the feed-water was or could 
be heated to the corresponding temperature of aia®F., the 
heat required to evaporate it against 77.4 pounds above the 
atmosphere or 9a. i pounds absolute was 

"h (ifi "" (fi X 888.0 -I- apa.i — 180.3 w» 982.0 n.T.u. 

The thermal units per horsc-pow'cr per minute were 


28 ib 2 JLaa:u‘! 

60 


548. 


Efflolency of the Actual Engine. When the thermal units 
per horse-power per minute are known or can be readily cal- 
culated, the eflicicncy of the actual steam-engine may be found by 
the following method: A horse-power corresponds to the develop- 
ment of 33000 foot-pounds per minute, which arc equivalent to 
33000 + 778 “ 43,43 

thermal units. This quantity is proportional to Q, - and 
the thermal units consumed per horse-power per minute are 
proportional to (),, so that the elhcicncy is 

^ BSB ' . 

Qi n.T.u. per H.P. per min, * 
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FO, «».?/«, Ac Corlte engine menlloned nbove h«.l «» 
cfficiencj- ^ ^ 

This snme method may evidenlly |'“c. 

engine for which the consumillinn m ihtmni 

power per hoar can he xm it nppenm Ihnl llm 

enpnem ^ „ pounds of nleam per home- 

“‘”®’'°"°i nr 7*1.1X 0.86 pounds were in He 

T! ^n^artumis were condense.1 in nlenm iaekels nn Ihe 

r 7tv:';^:7Xn';xx;:' 

admitted was 

10.86 (.V/t -I- M. ft« 

- 10.86 (0.988 X 858.6 "I* 333*9 ~ ^ 

sa I9I B.T.XJ.; 

q being the heat oC the liquid at the Icmpcmlurc ot Uic back- 

T7stl^’U"r W.. wiiUdMwn 

at the temperature due to the pressure and could have la^n 
returned to the iDoilcr at that temperature; eonsequenUy the 
heat required to vaporixe it was and the heal furnlshisd by 
the steam' in the jackets was 

3.87 X 0.98 X 858.6 4* 60 «» 40*6 n.T.O. 

The heat consumed by the engine was 

19I + 40.6 »»• 333 B.T.U. 

per horse-power per minute, and tlic cITiclency was 
fl BO 43.43 4- 333 0.183. 
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The efficiency of Carnot’s cycle for the range of temperatures 
corresponding to 157.7 and 4.5 pounds absolute, namely, 
and 6i7°.a absolute, is 

« _ - 617 : ! _ 0 . 2 ^ 8 . 

A 821.7 

The efficiency for a non>conducting engine with complete 
expansion, calculated by equation (144), is for this case 

.. >T/, 0.821 X 1004.1 

C “5 1 ^ ’ * K3 I ^ — «aa 0.23'? 

^ -I- Ji - Q2 858.6 -I- 333.9 - 126.0 ' 

where a*, is calculated by the equation 

^ 

„ ^ 17 : . ?. . /§ 5 M. 4, 0.5189 — 0.2282) 0.821, 

1004.1 \821.7 / 

During the test in question the terminal jjresstirc at the end of 
the expansion in the low-pressure cylinder was 6 pounds abso- 
lute, which gives 

T 

J. ff 






and the efficiency by equation (148) was 

c'/'ra I — *?« *7. (.Pe P-i) 

''i -I- !?( ~ !Zi 

K,i-- o»8.32 X()05.8--i.^8.o-i- i26.o-i- Hi (6-4.5)0,832 x 6a 

« 0 . 222 , 


858.6 + 333.9 - 126.0 


The real criterion of the perfection of the action of an engine 
is the ratio of its actual efficiency to that of a perfect engine. 
If for the perfect engine we choose Carnot’s cycle the ratio is 

M ^ n *** 

c ' 0.2485 
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But if we take for our standard an engine with a cylinder of non- 
conducting material the ratio for complete expansion is 


_£ 0.1 8.'^ 

e" 0.227 


= 0.807. 


For incomplete expansion the ratio is 


_e 0.183 ^ 

c"' 0,222 


0.824. 


To complete the comparison it is interesting to calculate 
the steam-consumption for a non-conducting steam-engine by 
equation (149), both for complete and for incomplete expan- 
sion. For complete expansion we have 


60 X ■'^3000 


778 X 0,227 (858.6 + 333.9 - 126.0) 
and for incomplete expansion 
60 X 3.3000 


= 10.5 pounds, 


10.7 pounds 


778 X 0,222 (858.6 - 1 - 333.9 — 126.0) 
per horse- power per hour. 

But if these steam-consumptions are compared with the 
actual steam-consumption of 13.73 pounds per horse-power 
per hour, the ratios are 

10,5 -4- 13.73 = 0.766 and 10.7 -4- 13,73 « 0.783, 

which are very different from the ratios of the efficiencies. The 
discrepancy is due to the fact that more than a fourth of the 
steam used by the actual engine is condensed in the jackets 
and returned at full steam temperature to the boiler, while the 
non-conducting engine has no jacket, but is assumed to use all 
the steam in the cylinder. 

From this discussion it appears that there is not a wide margin 
for improvement of a well-designed engine running under favor- 
able conditions. Improved economy must be sought either by 
increasing the range of temperatures (raising the steam-pressure 
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or improving the vacuum), or by choosing some oilier form of 
heat-motor, sucli as the gas-engine. 

Attention should be called to the fact that the real criterion of 
the economy of a heat-engine is the cost of producing power by 
that engine. The cost may be cxpre.sscd in thermal units per 
horse-power per minute, in pounds of steam per horse-power 
per hour, in coal per horse-power per hour, or directly in money. 
The expression in thermal units is the most exact, and the best 
for comparing engines of the same cla.ss, such ns steam-engines. 
If the same fuel can be used for different engines, such as steam- 
and gas-engines, then the cost in pounds of fuel per horse-power 
per hour may be most instructive. But in any case the money 
cost must be the Anal criterion. The reason why it is not more 
frccpicntiy staled in reports of tests is that it is in many cases 
somewhat difficult to determine, and because it is afTcctccl by 
market prices which arc subject to change. 

At the present time a pressure as high as 150 pounds above 
the atmosphere is used where good economy is expected. It 
appears from the table on page 132, showing the clficiency of 
Carnot’s cycle for various pressures, that the gain in economy 
by increasing steam-pressure above 150 pouncls is slow. The 
same thing is shown even more clearly by the following table: 

EFFECT OF RAISING STF.AM-PRKSsIjRE. 




In the calculations for this table the steam is supposed to be 
dry as it enters the cylinder of the engine, and the back-pressure 
is supposed to be 1.5 pounds absolute, while the expansion for 
the non-conducting engine is assumed to be complete. The 
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^-consumption of the 

SLing 4 ^ 4 > by the efficiency, thus (or .50 ponntta 

42,42 + 0.27a 1 50- 

The hent-eonsuraplion ot the actual cnulno is axnmed to Im 

Jt*Ur tlan 

r.rer.^— ^h:,l^ll:^t■„I^';«^ 

an encine which slmll show sucli an economy tor a given i.ressure 
aJthat sot down in the table must l>e a tri|.le or ^ 

cntrlnc and must be thoroughly steam-jacketed. Uh «“««» 
!tfim-consumplion is certain to be a little larger than 
in the table, as steam condensed In a steam-jacket yiehln e».» 

heat than that passed through the cylinder, 
t is very doubtful if the gain in fluid cflklcney due to .ncrci* Ing 
steam-pressure above 150 or 200 pounds is not ofTsel by tlte grm « 
friction and the difficulty of maintaining the engine. Higher 
pressures than 200 pounds arc used only where great power rnusl 
be developed with small weight and space, as in lorjicdo-ljoals. 

Condensers. - Two forma of condensers arc usetl to condense 
the steam from a steam-engine, known as jcl-condenscra and 
surface-condensers. The former arc commonly used for land 
engines; they consist ot a receptacle having a volume equal to 
one-fourth or one-third of that of the cylinder or cylinders that 
exhaust into it, into which the steam jinsses from the exhttU»t-pll«! 
and where it meets and la condensed by a spray of cold water. 

If it be assumed that the steam in the cxltaust-plpe is dry 
and saturated and that It is condensed from the pressure /> and 
cooled to the temperature /„ then the heal yielded per pound 
of steam is j{ „ 

where jFI is the total heat of steam at the pressure p, and qt i» »!»*? 
heat of the liquid at the icmpcralure The heal acquired by 
each pound of condensing or injection water Is 

Si-do 
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where g' is the heat of the liquid at the temperature /, of the 
injection- water as it enters the condenser. Each pound of stcaiti 
will require 

° irV 

pounds of injection-water. 

For example, steam at 4 pounds absolute has for the total 
heat 1128.6. If the injection-water enters with a temperature 
of 60® F., and leaves with a temperature of 120° F., then each 
pound of steam will require 


1128.6 
88.0 - 


- 88.0 
28.12 


pounds of injection- water. This calculation is used only to 
aid in determining the size of the pipes and passages leading 
water to and from the condenser, and the dimensions of the air- 
pump. Anything like refinement is useless and impossible, 
as conditions are seldom well known and arc liable to vary. 
From 20 to 30 times the weight of steam used by the engine is 
commonly taken for this purpose. 

The jet-condensers cannot be used at sea when the boiler- 
pressure exceeds 40 pounds by the gauge; all modern steamers 
are consequently supplied with surface-condensers which consist 
of receptacles, which are commonly rectangular in shape, into 
which steam is exhausted, and where it is condensed on horizontal 
brass tubes through which cold sca-watcr is circulated. The 
condensed water is drained out through lire air-pump and is 
returned to the boiler. Thus the feed-water is kept free from 
salt and other mineral matter that would be pumped into lire 
boiler if a jet-conclenser were used, and if the feed-water were 
drawn from the mingled water and condensed steam from 
such a condenser. Much trouble is, however, experienced 
from oil used to lubricate the cylinder of the engine, as it is 
likely to be pumped into the boilers with the feed- water, even 
though attempts arc made to strain or filter it from the water. 

The water withdrawn from, a surface-condenser is likely to 
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have a different temperature from the cooling water when it 
leaves the condenser. If its temperature is then we have 
Instead of equation (150) 

G «« - (151) 





ipiiMi 






for the cooling water per pound of steam. The clilTercncc i.s 
really immaterial, as it makes lillle difference in the actual value 
of G (or any ease. 

Cooling Surface. — Experiments on the quantity of cooling 
surface required l)y a surface-condenser arc few and un.salis- 
fttctory, and a comparison of condensers of marine engines 
shows a wide diversity of practice. Seaton say-s that with an 
initial temperature of do®, and with 130“ for the feed- water, a 
condensation of 13 pounds of steam per square foot per hour 
is considered fair work. A new condenser in good condition 
may condense much more steam per square foot per liour than 
this, but allowance must be made for fouling and clogging, 
especially for vessels that make long voyages. 

Seaton also gives the following table of square feet of cooling 
surface per indicated horsc-power: 


AbioUito Tflr ml n nl JPr ««ur« i 
roundu ntf Inclii 
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. 1.50 
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, . 1.43 

8 . 
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, . 1.37 

6 . 

» 1 < ■ 


, . 1.30 


For ships stationed in the tropics, allow so per cent more; 
for ships which occasionally visit the tropics, allow 10 per cent 
more; for ships constantly in n cold climate, 10 per cent lca.s 
may be allowed. 

AJr-Pump. — The vacuum In the condenser is maintained 
by the air-pump, which pumps out the air which finds its way 
there by leakage or otherwisej the condensing water carries 
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a considerable volume of air into the condenser, and the s 
of the air-pump can be based roughly on the average percent* 
of air held in solution in water; the air which finds its way ii 
a surface-condenser enters mainly by leakage around the It 
pressure piston-rod and elsewhere. 

It is customary to base the size of the air-pump on the « 
placement of the low-pressure piston (or pistons); for exam) 
the capacity of a single-acting vertical air-pump for a merch 
steamer, with triple-expansion engines, may be about of : 
capacity of the low-pressure cylinder. 

With the introduction of steam-turbines, the importance 
a good vacuum becomes more marked, and the duty of the i 
pump, which commonly removes air and also the water of c 
densation from the condenser, is divided between a dry 
pump, which removes air from the condenser, and a wa 
pump, which removes the water of condensation. Air-piit 
arc treated more at length on page 374, in connection with 


discussion of compressed air. 

Designing Engines. — The only question that is prop* 
discussed here is the probable form of the indicalor-diagri 
which gives immediately the method of finding the mean ciTcc 
pressure, and, consequently, the size of the cylinder of the eng 
The most reliable way of finding the expected mean cfTec 
pressure in the design of a new engine is to measure an indiert 
diagram from an engine of the same or similar type and* s 
and working under the same conditions. 

If a new engine varies 



Fia. 35ni 


much from the type on wj 
the design is based thatJ 
diagram from the latter ca^ 
be used directly, the follo'y 
method may be used to h! 
for moderate changes of b* 


pressure or expansion, j 
type diagram cither on the original card or redrawn to a Iti^ 
scale, may have added to it the axis of zero pressure and| 
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ume OV and OP (Fig. 35a), The former is laid off parallel to 
the atmospheric line and at a distance to represent the pressure 
of the atmosphere, using the scale for measuring pressure on the 
diagram. The latter is drawn vertical and at a distance from aj 
which shall bear the same ratio to the length of the diagram as 
the clearance space of the cylinder has to the piston-displace- 
ment. The boiler-pressure line may be drawn as shown. The 
absolute pressure may now be measured from O V with the proper 
scale and volume from OP with any convenient scale. 

Choosing points 6 and c at the beginning and end of expanr 
sion determine the exponent for an exponential equation by the 
method on page 66; do the same for the compression curve ef. 

Draw a diagram like Fig. 35 for the new engine, making the 
proper allowance for change of boiler-pressure or point of cut- 
off, using the probable clearance for determining the position 
of the line a/. Allowing for loss of pressure from the boiler to 
the cylinder, and for wire-drawing or loss of pressure in the 
valves and passages, locate the points a and b. The back- 
pressure line de can be drawn from an estimate of the probable 
vacuum. The volumes at c and e are determined by the action 
of the valve gear. By aid of the proper exponential equations 
locate a few points on be and ef and sketch in those curvesi 
Plnish the diagram by hand by comparison with the type dia- 
gram. If necessary draw two such diagrams for the head and 
crank ends of the cylinder. The mean effective pressure can 
now be determined by aid of the planimeter and used in the 
design of the new engine. 

tlsu^^ the refinements of the method just detailed are 
a^pi<ied, and an allowance is made for them in the lump by a 
practical factor. The following approximations are made: 
(i) the pressure in the cylinder during admission is assumed 
to be the boiler pressure, and during the exhaust the vacuum 
in the condenser; (2) the release is taken to be at the end of 
the stroke; (3) both expansion and compression lines are treated 
" as hyperbola. The mean effective pressure is then readily 
" computed as indicated in the following example. 
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ProJim. — Required the dimensions of the cylinder of an 
engine to give 200 horse-power; revolutions 100; gauge pressure 
80 pounds; vacuum 28 inches; cut-off at i stroke; release at end 
of stroke; compression at tV stroke; clearance 5 per cent. 

The absolute boiler-pressure is 94.7 pounds, and the absolute 
pressure corresponding to 28 inches of mercury ,s nearly one 
pound. It is convenient to take the piston displacement as 
one cubic foot and the stroke as one foot for the purpose of 
determining the mean effective pressure. The volume of cut- 
off is consequently i cubic foot due to the motion of the piston 
plus tV cubic foot due to the clearance or 0.35 cubic foot; the 
volume at release is 1.05 cubic foot, and at compression is 0.15 

cubic foot. , , . , 

The work during admission (corresponding to ao, Fig. 3Sa) is 

94.7 X 144 X 0.3s foot-pound, 


and during expansion is 


p,v^ loge^ = 94"7 X 144 X 0.35 log< ^ 


I .os 

35' 


The work during exhaust done by the piston In expelling the 

steam is ^ . 

I X 144 X (I - o-iS)> 


and th.e work during compression is 

' I X144 Xo.isloge^V 

The mean effective pressure in pounds per square inch is 
obtained by adding the first two works and subtracting the last 
two and then dividing by i 44 ) so that 

I i.o.S 

M.E.P. = 94.7 X 0.25 - 1 - 94.7 X 0.35 log. 

- I X 0.85 - I X o.is log, ^ = 59 ‘i* 

The probable mean effective pressure may be taken as 
of this computed pressure, or 53.2 pounds per square inch. 
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Given the diameter and stroke of an engine together with the 
mean effective pressure, arid revolutions, we may find the horse- 
power by the formula 

_ ii!2» 

33000 

where p is the mean effective pressure, I is the stroke in feet, a is 
the area of the circle for the given diameter in square inches, and 
n is the number of revolutions per minute. For our case we 
may assume that the stroke is twice the diameter, whence 

a XS3 .»x2^X^Xk>o 

12 4 

200 — — * 

33000 

d = 16.8 inches, ^ = 33.6 inches. 

In practice the diameter would probably be made i6| inches 
and the stroke 33^ inches. 


CHAPTER IX. 

COMPOUND ENGINES. 
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A COMPOUND engine has commonly two cylinders, one of 
which is three or four times as large as the other. Steam from 
a boiler is admitted to the small cylinder, and after doing work in 
that cylinder it is transferred to the large cylinder, from which 
it is exhausted, after doing work again, into a condenser or 
against the pressure of the atmosphere. If we assume that the 
steam from the small cylinder is exhausted into a large receiver, 
the back-pressure in that cylinder and the pressure during the 
admission to the large cylinder will be uniform. ^ If, further, wo 
assume that there is no clearance in either cylinder, that the 
back-pressure in the small cylinder and the forward pressure in 
the large cylinder are the same, and that the expansion in the 
small cyUnder reduces the pressure down to the back-presSurc in 
that cylinder, the diagram for the small cylinder will be ABCD, 
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Fig. 36, and for the large cylinder DCFG. The volume in the 
large cyUnder at cut-off is equal to the total volume of the small 
cylinder, since the large cylinder takes from the receiver the same 
weight of steam that is exhausted by the small cylinder, and, in 
this case, at the same pressure. 

The case just discussed is one extreme. The other extrcmo 
occurs when the small cylinder exhausts directly into the largo 
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cylinder without an intermediate receiver. In such engines the 
pistons must begin and end their strokes together. They may 
both act on the beam of a beam engine, or they may act on one 
crank or on two cranks opposite each other. 

For such an engine, ABCD^ Fig. 37, is the diagram for the 
■ small cylinder. The steam line and expansion line AB and BC 
are like those of a simple engine. When the piston of the small 
cylinder begins the return stroke, communication is opened with 
the large cylinder, and the steam passes from one to the other, 
and expands to the amount of the difference of the volume, it 
being assumed that the communication remains open to the end 
of the stroke. The back-pressure line CD for the small cylinder, 
and the admission line III for the large cylinder, gradually fall 
on account of this expansion. The diagram for the large cylin- 
der is IIIKG, which is turned toward the left for convenience. 

To combine the two diagrams, draw the line abed, parallel to 
V ‘0 V, and from h lay off hd equal to ca; then d is one point of the 
expansion curve of the combined diagram. The point C corre- 
sponds with H, and E, corresponding with I, is as far to the right 
as I. is to the left. 

For a non-conducting cylinder, the combined diagram for a 
compound engine, whether with or without a receiver, is the same 
as that for a simple engine which has a cylinder the same size 
as the large cylinder of the compound engine, and which takes 
at each stroke the same volume of steam as the small cylinder, 
and at the same pressure. The only advantage gained by the 
addition of the small cylinder to such an engine is a more even 
distribution of work during the stroke, and a smaller initial stress 
on the crank-pin. 

Gqtnpound engines may be divided into two classes those 
with a receiver and those without a receiver; the latter are called 
1 ' Woolf engines ” on the continent of Europe. Engines without 
a receivef must have the pistons begin and end their strokes al 
the same time; they may act on the same crank or on cranks 180® 
apart. The pistons of a receiver compound engine may make 
: Stfbkes in any order. A forrri of receiver compound engine with 
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two cylinders, commonly used in marine work, has the cranks i 
90° to give handiness and certainty of action. Large marii 
engines have been made with one small cylinder and two larj 
or low-pressure cylinders, both of which draw steam from tl 
receiver and exhaust to the condenser. Such engines usual 
have the cranks at 120°, though other arrangements have be( 
made. 

Nearly all compound engines have a receiver, or a spa 
between the cylinders corresponding to one, and in no case 
the receiver of sufficient size to entirely prevent fluctuations 
pressure. In the later marine work the receiver has been nini 
small, and frequently the steam-chests and connecting pipes ha 
been allowed to fulfil that function. This contraction of si 
involves greater fluctuations of pressure, but for other reasons 
appears to be favorable to economy. 

Under proper conditions there is a gain from using a coi 
pound engine instead of a simple engine, which may amount 
ten per cent or more. This gain is to be attributed to the divisii 
of the change of temperature from that of the steam at admissl 
to that of exhaust into two stages, so that there is less fluclv 
lion of temperature in a cylinder and consequently less inti 
change of heat between the steam and the walls of the cylind 

Compound Engine without Receiver. — The indicator-cl: 
grams from a compound engine without a receiver are ropi 
sented by Fig. 38. Tlie steam line and exps 
* ^ sion line of the small cylinder, and BC, ? 

Q 0 those of a simple engine, Af 

\p the exhaust opens, and the steam sudcicr 

expands into the space between the cylmclj 
Pill jg M and the clearance of the largo cylinder, and i 
® pressure falls from C to D. During the ret^ 
stroke the volume in the large cylinder increases more rapli 
than that of the small cylinder decreases, so that the back-prq 
ure line DE gradually falls, as does also the admission line j 
of the large cylinder, the difference between these two lines bd 
due to the resistance to the flow of steam from one to the otli 


COMPOUND ENGINE WITH RECEIVER 


159 


At E the communication between the two cylinders is closed by 
the cut-off of the large cylinder; the steam is then compressed 
in the small cylinder and the space between the two cylinders 
to Ff at which the exhaust of the small cylinder closes; and the 
remainder of the diagram EGA. is lik.e that of a simple engine* 
From I, the point of cut-off of the large cylinder, the remainder 
of the diagram IKLMNH is like the same part of the diagram 
of a simple engine. 

The difference between the lines ED and HI and the “ drop ” 

CD at the end of the stroke of the small piston indicate waste 
or losses of efficiency. The. compression EFG and the accom- 
panying independent expansion IK id. the large cylinder show a 
loss of power when compared with a diagram like Fig. 37 for an 
engine which has no clearance or intermediate space; but com- 
pression is required to fill waste spaces with steam. The com- 
pression EF is required to reduce the drop CD, and the compres- 
sion FG fills the clearance in anticipation of the next supply from 
the boiler. Neither compression 1 \ 

is complete in Fig. 38. 

Diagrams from a pumping en- I 

gine at Lawrence, Massachusetts, \ 

are shown by Fig. 39. The — - — 

rounding of corners due to the 
indicator makes it difficult to de- 
termine the location of points like 

D, E, F, and I on Fig. 38. The — — ' 

low-pressure diagram is taken ^ 

with a weak spring, and so has an 1 39 — ^ 

exaggerated height. . , * 

Compound Engine with Receiver. — It has already been ^ 
pointed out that some receiver space is required if the cranks 
of a compound engine are to be placed at right angles. When 
the receive space is small, as on most marine engines, the fluc- 
tuations of pressure in the receiver are very notable. This is 
exhibited by the diagrams in Fig. 40, which were taken from a 
yacht engine. An intelligent conception of the causes and meaning 
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of such fluctuations can bo best obtained by constructing ideal 
diagrams for special eases, as explained on page 164. 

Triple and Quadruple Expansion - 
Engines. — The same influences which 
introduced the compound engines, when 
the common steam-pressure changed 
from forty to eighty pounds to the 
square inch, have brought in the succes- 
sive expansion through three cylinders 
(the high-pressure, intermediate, and 
low-pressure cylinders) now that 150 to 300 pounds pressure arc 
employed. Just as three or more cylinders arc combined in 
various ways for compound engines, so four, five, or six cylinders 
have been arranged in various manners for triple-expansion 
engines; the customary arrangement has three cylinders with the 
cranks at 180®. 

Quadruple engines with four kicccssive expansions have been 
employed with high-pressure steam, but with the advisable 
pressures for present use the extra complication and friction 
make it a doubtful expedient. 

Total Expansion. — In Figs. 36 and 37, representing the dia- 
grams for compound engines without clearance and without 
drop between the cylinders, the total expansion is the ratio of 
the volumes at E and at that is, of the low-pressure piston dis- 
placement to the displacement developed by the high-pressure 
piston at cut-off. The same ratio is called the total or equiva- 
lent expansion for any compound engine, though it may have 
both clearance and drop. Such a conventional total expansion 
is commonly given for compound and multiple-expansion engines, 
and is a convenience because it is roughly equal to the ratio of 
the initial and terminal pressures; that is, of the pressure at 
cut-off in the high-pressure cylinder and at release in the low- 
pressure cylinder. It has no real significance, and is not equiva- 
lent to the expansion in the cylinder of a simple engine, by whicli 
we mean the ratio of the volume at release to that at cut-off, tak- 
ing account of clearance. And further, since the clearance of 
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low-pressure cut-off 


the high- and the low-pressure cylinders are different there can 

be no real equivalent expansion. 

If the ratio of the cylinders is R and the cut-off of the nign- 

pressure cylinder is at ~ of the stroke, then the total expansion 

is represented by i? p 


and t ^ X E* 

e 

This last equation is useful in determining approximately the 

cut-off of the high-pressure cylinder. , , , , . 

For example, if the initial pressure is loo pounds absolute and 
the terminal pccsauie Is to be to pounds absolute, then the total 
erpansions will be about to. H the raUo of the eyhnders .8 
3J, then the high-pressure cut-off will be about 

i. = 3i,-r 10 = 0.3s 
e 

of the stroke. , . , 

Low-pressure Cut-off.— The cut-off of the low-pressure 

cylinders, in Figs. 36 and 37 is controlled by the ratio of the 
cylinders, since the volumes in the low-pressure cylinder at cut- 
off is in each case made equal to the high-pressure piston dis- 
placement; this is done to avoid a drop. If the cut-off were 
lengthened there would be a loss of pressure or drop at the end 
of the stroke of the high-pressure ^ 
piston, as is shown by Fig. 4 Ij 
i for an engine with a large receiver 
and no clearance. Such a drop will \ 
have some effect on the character of \ 
the expansion line of the low- \o 

"pressure cylinder, both for a non-con- d ^ 

ducting and ^for the actual engine q ' y 

with or a clearance. Its o 

principal effect will, however, be on . . i 

the distribution of. work between the cylinders; for it is evident 
that if the cut-off of the low-pressure cylinder is shortened the 






COMPOUND ENGINES 




162 


pressure at C" will be increased because the same weight of steam 
is taken in a smaller volume. The back-pressure DC of the 
high-pressure cylinder will bo raised and the work will be 
diminished; while the forward pressure DC of the low- 
pressure cylinder will be raised, increasing the work in that 
cylinder. 

Ratio of Cylinders. — In designing compound engines, more 
especially for marine work, it is deemed important for the smooth 
action of the engine that the total work shall be evenly distributed 
upon the several cranks of the engines, atul that the maximum 
pressure on each of the cranks shall be the same, and shall not 
be excessive. In case two or more pistons act on one crank, 
the total work and the resultant pressure on ll)asc pistons are 
to be considered; but more commonly each irislon acts on a 
separate crank, and then the work and pressure on the several 
pistons arc to be considered. 

In practice both the ratio of the cylinders and the total expan- 
sions arc assumed, and then the distribution of work and the 
maximum loads on the crank-pins arc cakndated, allowing lor 
clearance and compression. Designers of engines usually have 
a sufficient number of good examples at hand to enable them 
to assume these data. In default of such data it may be neces- 
sary to assume proportions, to make preliminary calculation?, 
and to revise the proportions till satisfactory results arc obtained. 
For compound engines using 80 pounds Bteam-pressuro the ratio 
is I ! 3 or I ! 4. For triple-expansion engines Lite cylinders may 
be made to increase in the ratio i : a or i : air. 

Approximate Indicator-Diagrams. — The indicator-diagrams 
from some compound and multiple-expansion engines arc irreg- 
ular and apparently erratic, depending on the sequence of. the 
cranks, the action of the valves, and the relative volumes of the 
cylinders and the receiver spaces. A good idea of the elTccts and 
relations of these several influences can be obtained by making 
approximate calculations of pressures at the proper parts of the 
diagrams by a method which will now be illuslrnlcd. 

For such a calculation it will be assumed that all expansion 
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I Hues are rectangular hyperbol®, and in general that any change 

|: of volume -wUl cause the pressure to change inversely as the 

I volume. Further, it -will be assumed that when communication 

I is opened between two volumes where the pressures are different, 

I the resultant pressure may be calculated by adding together the 

I products of each volume by its pressure, and dividing by the sum 

I of the volumes. Thus if the pressure in a cylinder having the 

I volume Vo is po, and if the pressure is in a receiver where 

I the volume is Vr, then after the valve opens communication from 

I the cylinder to the receiver the pressure will be 

I ’ 

I The same method will be used when three volumes are put into 

I communication. 

I It will be assumed that there are no losses of pressure due to 

I throttling or wire-drawing; thus the steam line for the high- 

I pressure cylinder will be drawn at the full boiler-pressure, and 

I the back-pressure line in the low-pressure cylinder will be drawn _ 

I to correspond with the vacuum in the condenser. Again, cylin- 

I ders and receiver spaces in communication will be assumed to 

I have the same pressure. 

I For sake of simplicity the motions of pistons will be assumed 

I to be harmonic. 

I Diagrams constructed in this way ^vill never be realized in 

I any engine; the degree of discrepancy will depend on the type 

I of engine and the speed of rotation. For slow-speed pumping- 

engines the discrepancy is small and all irregularities are easily 
accounted for. On the other hand the discrepancies are large 
i for high-speed marine-engines, and for compound locomotives 

[ they almost prevent the recognition of the events of the stroke. 

I Direct- expansion Engine. -—If the two pistons of a compound 

1 engine move together or in opposite directions the diagrams 

■ are like those shown by Fig. 42* Steam is admitted to the high- 
I pressure cylinder from a to b] cut-off occurs at b, and be repre- 

I sents expansion to the end of the stroke; he being a rectangular 
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hyperbola referred to the axes OF and OP, from which a, b, i 
c are laid off to represent absolute pressures and volumes, incl 
ing clearance. 



At the end of the stroke release from the high-pres 
cylinder and admission to the low-pressure cylinder are assu 
to take place, so that communication is opened from the 1 
pressure cylinder through’ the receiver space into tlio low-p: 
lire cylinder. As a consequence the pressure falls from c I 
and rises from n to h in the low-pressure cylinder. The 
O'P' is drawn at a distance from OP, which corresponds tc 
volume of the receiver space, and the low-pressure diagra: 
referred to O'P' and O' V as axes. 

The communication between the cylinders is maintained 
cut-off occurs at i for the low-pressure cylinder. Tire liiu 
and hi represent the transfer of steam from the Ivigh-prcu 
to the low-pressure cylinder, together with the expansion d> 
the increased sixe of the large cylinder. After the cut-off 
the large cylinder is shut off from the receiver, and the aten 
it expands to the end of the stroke. The back-pressure 
compression lines for that cylinder are not affected by compc 
ing, and are like those of a simple engine. Meanwhile the i 
piston compresses steam into the receiver, as repreaente 
^/, till compression occurs, after which compression inti 
clearance space is represented by /g. The expansion and 
pression lines ik and mn are drawn as hyperbolaj referred I 
axes O' P' and O' V'. The compression line cj is drawn as an I 
bola referred to O'V and O'P', while/g is referred to OF and 


DIX^ECT-EXPANSION 15NOINL 

T TTify AQ the two diagnvniB are drawn with the sivmt Muli 

,r Jume and pressure, and »re ptol m “ “ 

^ ,he reWous oi .he diagrams U, each o 
1 -(rnm <iiirh an engine resemble tlxonc ol I iK» 3 b 
lve"the same length, ancl difterent vorlU-id scalw depending 

n the snringhS used in the indicators. i , 

slo enjnes have ouly one valve In give release and cun ■ 

,„,.sion for the high-pressure cylinder »"'V“'TZri« nu 
iff for the low-pressure cylinder, In such tii.t 
•ecciver space, and the points c and /coincide. _ 

When the receiver is closed by the compression of the high 
pressure cylinder it is filled with Hienm with Die pri*ssure repre- 
Lted by /. It is assumed that the pressure m the rmi^i 
remains unchanged till the receiver is o,.ened at dm 
stroke. It is evident that the droy cd may he redm ed b> short 
eningthe cut-off of the low-pressure cylinder so as to give more 
compression from c to /and consequently a higher prt<aNure at 
/•when the receiver is closed. , 

Representing the pressure and volume at the sevcrnl |iolnls 
by p and v with appropriate subscript letters, anti represent 
ing the volume of tlic receiver by i-V, we have the following 
equations: 

pa “ pt, « initial prcHSurc; 
p, =. back-pressure; 
pi =’ pbVb -V- I'd, 

Pn ptii^in ^11} 

Pit '=* Ph (/W "h 'b 

p^„ p^^ p,, (V( -i- Vn H" Vf) + (V, -I- V( -p V,); 

P/ “ pt (I'd 'i* ^ 1 ') (^/ "b 

Pi) “ PA>/ ^(/l 

pk ■” Ml '!'*• 

The pressures p„ and pn can be calculated directly. Then the 
equations for pti, ptt and p/ form a set of three simulinneoiia 
equations with three unknown quantities, which can be easily 
solved. Finally, p„ and pk may be calciiliitetl directly. 
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For example^ let us find the approximate diagram for a direct-, 
expansion engine which has the low-pressure piston displacement 
equal to three times the high-pre.ssure piston displacement. 
Assume that the receiver space is half the smaller piston dis- 
placement, and that the clearance for each cylinder is one-tenth 
of the corresponding piston displacement. Let the cut-olf for 
each cylinder be at half-stroke, and the compression at ninc- 
tenths of the stroke; let the admission and release be at the end 
of the stroke. Let the initial pressure be 65.3 pounds by the 
gauge or 80 pounds absolute, and let the back-pressure be two 
pounds absolute. 

If the volume of the high-pressure piston displacement bo 
taken as unity, then the several required volumes arc: 

Vi = 0.5 -p o.i » 0.6 V/, =< v„ ■= 3 X o.i «=> 0.3 

V(, = Vj = 1,0 -p O.I » i.i ‘ 3 (0.5 -p o.i) “> 1.8 

Vt = 0.5 -I- 0,1 = 0.6 V* “ V/ “ 3 (l.O -p o.i) »• 3.3 

Vf = O.I -P O.I == 0.2 v,„ «=• 3 (0.1 -p 0.1) 0,6 

Vg = O.I V,. 0 .$ 

The pressures may be calculated as follows: 

pa = 80; p, == p^ = q; 

pc PbVi ■¥ Vc = &o X 0.6 + i.i ■=< 43.6; 

Pn = PmVm -f- V„ == 2 X 0.6 + O.3 = 4) 

Pc = Pd (Vc -P v„ -p Vr) -J- (Vc -P Vt -P Vr) ==■ Pa (i.i + 0.3 + o.s) 

(0.6 -p 1.8 -P 0.5) » 0.655 A/i 

P/ ““ pi ('^« + ^r) (V/ + %) w p, (0,6 -p 0.5) -1- (0.2 -p 0.5) 

= 1.57 p, =■ 1.57 X 0.65s P<t ”■ 1*03 A<}, 

Pd “ (PeVe + pnVn + Pj^r) + (% + -P V^) 

= (80 X 0,6 -p 4 X 0.3 - 1 - 0.5 P/) + (0.6 -p 0,3 -p 0,5) 

= 25,89 + 0,26 P/I 

Pd « 25.89 -P 0,26 X 1.03 pal Pa •= 35.36; 

Pc = pi = 0.65s Pd =■ 0.65s X 35.36 ■=• 23.2; 

P; - 1.03 p, ^ 1.03 X 35'36 = 36.5; 

Po = P/^f == 36.5 X 0.2 O.I ■=> 73 ; 

Pt = PiVi.-^ v* = 23.2 X 1.8 -i- 3.3 w 12,6. 
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As the pressures and volumes are now known the diagrams 
of Fig. 42 may be drawn to scale. Or, if preferred, diagrams 
like Fig. 39 may be drawn, making them of the same length and 
using convenient vertical scales of pressure. If the engine runs 
slowly and has abundant valves and passages the diagrams 
thus obtained will be very nearly like those taken from the engine 
by indicators. If losses of pressure in valves and passages are 
allowed for, a closer approximation can be made. 

The mean effective pressures of the diagrams may be readily 
obtained by the aid of a planimeter, and may be used for esti- 
mating the power of the engine. For this purpose we should 
either use the rpodified diagrams allowing for losses of pressure, 
or we should affect the mean effective pressures by a multiplier 


■it 


obtained by comparison of the approximate with the actual dia- 
grams from engines of the same type. For a slow-speed pump- 
ing-engine the multiplier may be as large as 0.9 or even more, 
for high-speed engines it may be as small as 0.6. 

The mean effective pressures of the diagrams may be calcu- 
lated from the volumes and pressures if desired, assuming, of 
course, that the several expansion and compression curves are 
hyperbol®. The process can be best explained by applying it 
to the example already considered. Begin by finding the mean 
pressure during the transfer of steam from the high-pressure 
cylinder to the low-pressure cylinder as represented by de and hi. 
The net efiective work during the transfer is 


/» fu . I V f, 4 * % 

J pdv^ P,V, lAApd{v^+n ^ 

0.6 + 1.8 + 0^5 

144 X 3 S 4 (i^i + 0^3 +o.s)log,^^^ +0.3“+ 0.5 
4120 foot-pounds 


for each cubic foot of displacement of the high-pressure piston. 
This corresponds with our previous assumption of unity for the 
displacement of that piston. The increase of volume is 

-{-U,. — 'b'yr) "hO'S ~ (l.I "bU'S 
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SO that the mean pressure during the transfer i.s 
4120 + I X 144 == 28.6 => Pa 

poimds per square inch, which acts on botli the high- and the 
low-pressure pistons. 

The effective work for the small cylinder is obtained by add- 
iiig the works under ah and he and subtracting the works under 
(k, efy and Jg. So that 


Wn •» I.I4 :/>, (v - v.) + log,™ - />» (vrf - V,) 


p4 (V, -I- Vr) log, 


V/ -I- IV 


MV log, ^ 


“ 144 jso (0.6 — 0.1) -I- So X 0.6 log, 98.6 (i-i ~ 0.6) 

- 23.2 (0.6 + o,s) log, ~|r^ “ 36-5 X 0-a log, ™| 

”■ i4'l X 33.26 ".4789 fool-i)Ountjs. 

This is the work for each cubic foot of the high-pressure piston 
displacement, and the mean effective pressure on tl)c small piston 
is evidently 33.26 pounds per square inch. 

In a like manner the work of the large piston is 

H'i 144 j P» (Vt ~ V,) H- P(Vi log, ~ ~ (V| -Vm) -pmVm lOgl^l 

144 |a8,6 (i,8 -- 0*3) 33,3 X I *8 logg ^ 


3 (3»3 0*6) 2 X 0.6 log! 


144 X 6i»9a «« 8<>i6 fool-|X)UiuU. 


Since the ratio of the piston displacements is 3, the work for 
each cubic foot of the low-pressure piston displacement is one-third 
of the work just calculated; and the mean effective pressure on 
the large piston is 

61.92 •+• 3 «= 20,64 
pounds per square inch. 

The proportions given in the example lead to a very uneven 
distribution of work; that of the large cylinder being nearly 
twice as much as is developed in the small cylinder. The dls- 
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tribution can be improved by lengthening the cut-o(T of the 
large cylinder, or by changing the proportions of the engine. 

As has already been pointed out, the works just calculated 
and the corresponding mean efTcctive pressures arc in excess 
of those that will be actually developed, end must be affected 
by multipliers which may vary from 0.6 to 0,9, depending on 
the type and speed of the engine. 

Cross-compound Engine. — A Iwo-cylindcr compound engine 
with pistons connected to cranks at rigid angles with each other 
is frequently called a cross-compound engine. Unless a large 
receiver is placed between the cylindens the iiressure in the space 
between the cylinders will vary widely. 

Two eases arise in the discussion of this engine according as 







the cut-off of the large cylinder is earlier or later than half-stroke; 
in the latter case there is a species of double admission to the 
low-pressure cylinder, as Is shown in f'lg. 43 * sake of 
simplicity the release, and also the admission for each cylinder, 
is assumed to be at the end of the stroke. If the release is early 
the double admission occurs before half-stroke. 

The admission ancl expansion of steam for the high-pressure 
cylinder are represented by <ib and be. At c release occurs, 
putting the small cylinder in communication with the inter- 
mediate receiver, which is then open to the large cylinder. There 
is a drop at cd and a corresponding rise of pressure mn on the 
large piston, which is then at half-stroke; will be assumed 
that the pressures at d and at n arc identical. From d to e the 




COMPOUND KNGINES 


' '■ i'i' ' 


steam is transferred from the small to the large cylinder, and 
the pressure falls because the volume increases; no is the corre- 
sponding line on the low-pressure diagram. The cut-off at o 
for the large cylinder interrupts this transfer, and steam is then 
compressed by the small piston into the intermediate receiver 
with a rise of pressure as represented by cf. The admission to 
the large cylinder, Ik, occurs when the small piston is at the 
middle of its stroke, and causes a drop,/^’’, in the small cylinder. 
From g to h steam is transferred through the receiver from the 
small to the large cylinder. The pressure rises at first because 
the small piston moves rapidly while the large one moves slowly 
until its crank gets away from the dead-point; afterwards the 
pressure falls. The line kl represents this action on the low- 
pressure diagram. At h compression occurs for the small 
cylinder, and hi shows the rise of pressure clue to compression, 
For the large cylinder the line hn represents the -supply of steam 
from the receiver, with falling pressure which lasts till the double ^ 
admission at inn occurs. 

The expansion, release, exhaust, and compression in the large 
cylinder are not affected by compounding. 

Strictly, the two parts of the diagram for the low-pressure • 
cylinder, innopq and slklm, belong to opposite ends of the cylin- 
der, one belonging to the head end and one to the crank end. 
With harmonic motion the diagrams from the two ends arc , 
identical, and no confusion need arise from our neglect to deter- 
mine which end of the large cylinder wc arc dealing with at any $ 
time. Such an analysis for the two ends of the cylinder, taking , 
account of the irregularity due to the action of the connecting- J'; 
rod, would lead to a complexity that would be unprofitable. 

A ready way of finding corresponding positions of two pistons 
connected to cranks at right angles with each other is by aid . 
of the diagram of Fig. 44. Let O be the centre of the crank- 
shaft and pRyRxi be the path of the crank- pin. When one piston 
has the displacement py and its crank is at ORy, the other crank 
may be 90® ahead at Oii* and the corresponding piston displace- ^ 
ment will be px. The same construction may be used if the 
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, • onO behind or H the aiiRle i« olHcr Umn u riKhl 

r* The acuml pteon lH»Ui<m «'«l “mk ,««!« when 

affected by the ir/cgularity (luc to the 
connecting-rod will differ from those foimd n^ y \ 
by this method, but the positions found 1 

by such a diagram will represent the aver- i 1 

age positions very nearly. >/ 

The several pressures may be found as 

, ,, . Kii.. 

follows: 

pa =■ ioit»il pressure; 
p,-=‘ pf'^ back-pressure; 
pt » pbVi -t- v.) 

Pt Pi^t . 

pa ■= pa “ iM’- + '*■ ’ 

pt’^ Po^ P'l 

P/ “ P» (Vg -I- Vr) {V/“i- Vr); 

pg “ Pi }/V (^7 ’V) + Ml •*” (’7 b ’'» • J 

/>,; « j!i, « (v/ + 1'» -I- ’v) + (t’A *1“ + ^v); 

Pm’^ pi ('^1 d’ 'I' ^c)! 

pi = 

The pressures pg and /»„ can be found directly from the initial 
pressure and the back-pressure, and finally the last two eipm- 
tions give direct calculaliona for p( and Pp so soon ua pt> anti /»» 
are found. There remain six equations conlaining six unknown 
quantities, which can be readily solved after numerical value# 
are assigned to the known pressures and to all the volumes. 

The expansion and compression lines, be and M, for the high- 
pressure diagrams arc hyperbolic referred to the axes O V and 
OP; and in like manner the expansion and compression Hmsi op 
and 5 /, for the low-pressure diagram, are hyperbolic rcferrwl to 
O' V' and O'F. The curve ef is an hy pcriiola refcrrctl to O' K and 
O'P', and the curve Im is an hyperbola referred to OP and 
OP. .The transfer lines de and no, git and kl, are not hyijer' 
bolie. They may be plotted point by point by finding corre- 
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spending intermediate piston positions, Pv* by aid of Fig, 

44, and then calculating the pressure for these positions by the 
equation 


pa (vj 


+ Vr) + (V* d- + V,.). 


The work and mean effective pressure may be calculated in a , 
manner similar to that given for the direct-expansion engine; 
but the calculation is tedious, and involves two transfers, de and 
no, and gh and kk The first involves only an expansion, and 
presents no special difficulty; the second consists of a compres- 
sion and an expansion, which can be dealt with most conveniently 
by a graphical construction. All things considered, it is better 
to plot the diagrams to scale and determine the areas and mean 
effective pressures by aid of a planimetcr. 

If the cut-off of the low-pressure is earlier than half-stroke so 
as to precede the release of the high-pressure cylinder the transfer 
represented by de and no, Fig. 43, does not occur. Instead there 
is a compression from dto / and an expansion from / to m. The 
number of unknown quantities and the number of equations are 
reduced. On the' other hand, a release before the end of the 
stroke of the high-pressure piston requires an additional unknown 
quantity and one more equation. 

Triple Engines. — The diagrams from triple and other mul- 
tiple-expansion engines are likely , to show much irregularity, the 
form depending on the number and arrange- 

© ment of the cylinders and the seq uence of the 
^ cranks. A common arrangement for a triple 
engine is to have three pistons acting on 
cranks set equidistant around the circle, as 
shown by Fig. 45. Two cases arise depending 
on the sequence of the cranks, which may bo 
In the order, from one end of the engine, of 
high-pressure, low-pressure, and intermediate, as shown by Fig. 
•45; or in the order of high-pressure, intermediate, and low- 
pressure, 

With the cranks in the order, high-pressure, low-pressure, and 


mmm 
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totenncdiatc, as shown by Pig. 45. Iho diagrams aro Uko Ihoso 
trrrn hv Fie. 46 . The admission and expansion for the high* 
flnrl cylinder are roprcBonlcd by ak. When the high- 
Lessure piston is at release, its crank is at IT, Fig. 45. o,ncl the 
Lermediate crank is at /. so that the intermediate piston is 
near half-strokc. If the cut-off for that cylinder is later than 





half-stroke, it la In communication with the first receiver when 
its crank is at I, and steam may pass througli the Erst receiver 
froiii the high-pressure to the intermediate cylinder, and there is 
a drop cd, and a corresponding rise of pressure no in the inter- 
mediate cylinder. The transfer continues till cut-off for the 
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intermediate cylinder occurs nt p, corresponding to the piston 
position c for the high-pressure cylinder. From the position e 
the high-pressure piston moves to the end of the stroke at f 
causing an c-spansion, and then starts to return, causing the 
compression fg. When the high-pressure piston is at g the 
intermediate cylinder lakes steam at the other end, causing the 
drop gh and the rise of pressure xl Then follows a transfer of 
steam from the high-pressure to the intermediate cylinder repre- 
sented by hi and Im, At i the high-pressure compression ik 
begins, and is carried so far as to produce a loop at k After 
compression for the high-pressure cylinder shuts it from the 
first receiver, the steam in that receiver and in the intermediate 
cylinder expands ns shown by mn. The expansion in the inter- 
mediate cylinder is represented by pq and the release by qr, 
corresponding to n rise of pressure in the low-pressure cylin! 
der. ^ rs and fiy represent a transfer of steam from the inter- 
mediate cylinder to the low-pressure cylinder. The remainder 
of the back-pressure line of the intermediate cylinder and the 
upper part of the low-pressure diagram for the low-pressure 
cylinder correspond to the same jiarts of tlie high-pressure and 
the intermediate cylinders, so that a statement of the actions in 
detail does not appear necessary. 

The equations for calculating the pressure arc numerous, but 
they arc not difficult to state, and the solution for a given exam- 
ple pre.9enta no special difficulty. Thus we have 


tm ini I Ini proustiro} 
pt «»• pm } 


Vp vol. first rccolvor; 
voh scond receiver} 


7. />.,=- p, \p,v, ■\- pn (v, -[-vp) j + (vj -i-v, -t-v, )j 
pi pp’^ p*{vi H-V. -I-Vp) 4* (w -h Vf -I- Vp)j 
p/ ~ p, {V, + Vp ) 4- (tv -I- Vp)', 
p, ™ /y(iv-|- Vp) 4- (v, -I- Vp)j 

II. //* «« pi -l-Vp) -I- p,v,l + (v»-|-t/, -I- Vp)} 

i>l ““ pm"" pS (v* + Vi -I- Vp) 4- (ti, -1-V.ji-l' vp)} 
pk «■ p<vi 4- v» ; 

/'« «• p» {Vm, + Vp) 4- (v» -I- Vp)} 
pq ^ \ 




• ! 

■ • -iV’iii 
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IIL p, + ^Jk)] ^ +’'• 

py ^ ptiVr-k- -t- + Vy + *»^i})l 

” Pi 

pu ^ pi (u#+ Vjj) 4- + V^)j 

/K Z'* «= {/I** (i^’' + "^ r ) + Vjj); 

ptt^ p9 (^f + ■y»i + ’^/?) (^« + -yf + ^/j)3 

'"-I 

Z^^i (vi + Vjj) (“y* + ^ij)* 

/)i «= Z)yVy 

p^ ^ back-pressure; 

pit ^ 

The pressures at c and at ij can be calculated immediately 
from the initial pressure and from the back-pressure. Then it 
will be recognized that there are four individual equations for 
finding Pr, h, h J^nd p,. The fourteen remaining equations, 
solved as, simultaneous equations, give the corresponding four- 
teen required pressures, some of which are used in calculating 
the four pressures which are determined by the four individual 
equations. The most ready solution may be made by contin- 
uous substitution in the four equations which are numbered at the 
left hand. Thus for in equation II, we may substitute. 


Pa “ 


+ V/. ^ + "'’r 


Vg + Vf 


Vf +Vg Vg 


Vh +v^ +V^ V»+Vp 

’ Vt +V„-hVp Vg +Vp 


In the actual computation the several volumes and the proper 
sums of volumes are to be first determined; consequently the 
factors following pa will be numerical factors which may be con- 
veniently reduced to the lowest terms before introduction m the 
equation. This system of substitution will give almost immedi- 
ately four equations with four unknown quantities which may 
readily be solved; after which the determination of individual 
pressures will be easy. In handling these equations the letters 
representing smaller pressures should be eliminated first, thus 
giving values of higher pressure like pa to tenths of a pound; 
y afterward the lower pressure can be determined to a like degree 
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of accuracy. A skilled computer may make a complete solu- 
tion of such a problem in two or three hours, which is not execs- 
sive for an engineering method. 

If the cut-off for the intermediate cylinder occurs before the 
release of the high-pressure cylinder, then the transfer represented 
by de and o-p does not occur. In like manner, if the cut-oiT for 
the low-pressure cylinder occurs before the release for the inter- 
mediate cylinder, the transfer represented by rs and does 
not occur. The omission of a transfer of course simplifrcs the 
work of deducing and of solving equations. 

In much the same way, equations may be deduced lor cal- 
dilating pressures when the cranks have the sequence high- 
pressure, intermediate, and low-pressure. The diagrams take 
forms which are distinctly unlike those for the other sequence of 
cranks. In general, the case solved, i.c., high-pressure, low- 
pressure, and Intermediate, gives a smoother action for the 
engine. 

For example, the engines of the U. S. S. Machias have the 
following dimensions and proportions: 


Diameter of plsloiii inches ♦ 
Piston dlsplacomont, cubic foot 
Cloarancoi por cent . » . ♦ 
Cut-olT, por coiU stroke » , , 
Roloaso, por cent stroke * . . 
Comprossioni por cent stroke 
Ratio of piston displaccmonts 


Volume first recolvor, cubic fed , ♦ . , , 
Volume second rccolvor, cubic foot ♦ . , » 
Ratio of rocolvor volumes to hlgh-prcsaurc 

placement 

StrokCi inches 

Boller-prossuro, absolute, pounds per sq. In, 
Pressure in condenser, pounds por sq. in. , 



Inter* 

bow* 

prtMura. 

mediMe. 

preeitire. 

rsJ 

aa) 

35 

a . 71 

S-S3 

*3^39 


14 


66 

66 

66 

93 

93 

93 

iS 

iS 

iB 

I 

a.o.| 

4v94 


I' 

I iiSlI ■ 


If the volume of the high-pressure piston displacement is 
taken to be unity, then the volumes required in the equations for 
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calculating pressures, when the cmnks have the order high 
pressure, low-pressure, and Inlermcdlatc, tire as follows: 


Vf, “« Oi79 


i«a 0*39 

Vy « V, »■» 0.35 

^ Vfi ^ 

1.06 

^ 0.98 


V| 

Vc «» 1. 10 


Vf^ ^ 

i.a6 

Va V/) »» 2*72 

V/ «« IJ3 


V, <" 1 .63 


Vy Ka 3.60 

Vg ^ Vf^ ^ 

0.88 

^ 

9.18 

vm 4,94 

Vi 0,31 


Vi «®» 3 iU 8 


^ Xi 23 

V* » Vrt '=« 

0.13 

V, « a . 33 





Vji ^ 

1.85 




v„ «a 0,63 
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The required pressures are; 


Pa = ISO 

pe = 112 

Pd = po’=‘ 76-5 
P 6 = Pp ^^ 67.5 

P/ = 67-5 
Pg = 76-9 
Pi,=‘ Pi = 73 'S 
Pi ^ Pm^ 69-3 


= 165 

= 60.0 
pg = 50*5 
Pr = Pp^^ 28.3 


P, = = 25.3 

Pi = 35.1 
pu == 29.0 
Pv ^ PlP^ 28,2 • 


^ 52*3 
22,1 
A - 18.5 
P^^ Pi ^ $ 
Pv ^ 


Diagrams with the volumes and pressures corresponding to 
this example are plotted in Fig. 46 with convenient vertical 
scales. Actual indicator-diagrams taken from the engine arc 
given by Fig, 47. The events of the stroke come at slightly 
different piston positions on account of the irregularity due to 
the connecting-rod, and the drops and other fluctuations of 
pressure are gradual instead of sudden; moreover, there is con- 
siderable loss of pressure from the boiler to the engine, from one 
cylinder to another, and from the low-pressure cylinder to the 
condenser. Nevertheless the general forms of the diagrams are 
easily recognized, and all apparent erratic variations arc 
accounted for. 

Designing Compound Engines. — The designer of compound 
and multiple- expansion engines should have at hand a welU 
systematized fund of information concerning the sizes, pro- 
portions, and powers of such engines, together with actual 
indicator-diagrams. He may then, by a more or less direct 
method of interpolation or exterpolation, assign the dimensions 
and proportions to a new design, and can, if deemed advisable, 
draw or determine a set of probable indicator-diagrams for the 
new engines. If the new design differs much from the engines 
for which he has information, he may determine approximate 
diagrams both for an actual engine from which indicator-dia- 
grams are at hand, and for the new design. He may then 
sketch diagrams for the new engine, using the approximate 
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^•o„rnms as a basis and taking a comparison of the approximate 
'^ factual diagrams from the engine already built, as a guide. 
Jl't convenient to [.teimre nml use a table shoarins the ratios of 
r-hial mean cftcctivc pressures and approximate mean cilective 
nrlures. Such a table enables the designer to assign mean 
effective pressures to a cylinder of the new engine and to in er 
Zl closely what its horsepower will be. It is also very useful 
l a check in sketching probable diagrams for a new engine, 
which diagrams arc not only useful in estimating the power 0 the 
lew engine, but in calculating stresses on the members of that 

'"f riugh approximation of the power of an engine imvy bo 
made by calculating the power us though the lota or equ.va mit 
cxnansiL took place in the low-iiressure cylinder, neglecting 
clearance and compression. The power thus found is to be 
affected by a factor which according to the aixe and type 0 the 
engine may vary from 0.6 to 0.9 for compound engines and from 
o s to 0.8 for triple engines. Seaton and Rounthwaitc * give the 
following tabic of multipliers for compound marine engines: 

multipliers for FINDINO PROIIABLE M. 15 .P. COMPOUND 

MULiIlLll.KS^^^ triple marine ENGINES. 


l)a«ri|»ilon of Kttgina. 


ReccWor-compouna, »crow-eHKlrje« 

Rccolvor-compouncl, paddlo»cngUic« | 

Direct cxpimBioii « 

Thrcc-cy finder triple, murchnnt M\n 

Thrcc‘cylimlcr triple, imviU vdftiMjU . - j • * • 

Thrcc-cyllnclcr triple, gimboftlaand tarpcdu^lxinl^ 



Uii)Ack(tflil. 

0,67 lo 0*73 

• * 1 ■ • 

0.58 to 0,68 

o*SS 100*65 
0.71 lo 0.75 
0.60 to 0,66 

1 1 1 I « 

0.60 lo 0.67 

0.6^ lo 0.68 
o.ss to 0.6s 


For example, let the boiler- pressure be 80 pounds by the gauge, 
or 94.7 pounds absolutei let the back-pressure be 4 potmds 
absolute; and let the total number of cxiiansions be six, so that 
the volume of steam exhausted to the condenser is six times the 
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volume aclmittccl from (he boiler. Neglecting the effect of clear- 
ance and compression, (he mean effective pressure is 

<; 4<7 X i -I' 94.7 X i log, f - 4 X I 40.06 » M.E.P. 


If the large cylinder is 30 inches in diameter, and the stroke 
is 4 feet, the horse-power at 60 revolutions per minute i.s 

•JT 10* 

~~f- X 40.06 X a X 4 X 60 33000 ««■ 412 H.P, 


If the factor to be used in this ease is 0.75, then the actual 
horse-power will be about 

0.75 X 400 s® 300 H.P, 

Binary Engines. — Another form of compound engines using 
two fluids like steam and ether, was proposed bydu Trembly* in 
1850, to extend the lower range of temperature of vapor-engines, 
At that time the common steam-pressure was not far from thirty 
pounds by the gauge, corresponding to a temperature of 250® F. 
If the back- pressure of the engine be assumed to be 1.5 pounds 
absolute (115® F.), the efficiency for Caf net’s cycle would be 
approximately 


a«io — ns 
350 -t- 460 


0.19. 


If, however, by the use of a more volatile fluid the result at 
lower temperature could bo reduced to 65®]?., the efficiency 
could be increased to 


^5P.. r .. 6'5 „ 

250 -I- 460 


0.36. 


At the present time when higher stoam-pressurcs arc common, 
the comparison is less favorable, Thus the temperature of 
steam at 150 pounds by the gauge Is 365® F., so that with 1.5 

du Cotidut/eiir dts Machines & Vaporous eombltties au Machines 
Bhiaires, n\io Sankiue Sleam Engine, p, 
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pounds tbsolute (or iis° P.) lor Ihc back-prcswro Ihc cfctauy 
for Carnot’s cycle is 

3 ^ 5 . ."iJ-i-S. 0.30, 

365 -I- 460 

„d for a resultant temperature ot 65” F., Ihc effldcncy would be 

« 0,36. 

365 -I- 460 

If a like gain of economy could be oblained in pracUce. U 
would represent a atwlng of 17 Fr cent, which wouhl In- we 
worth while. Further discussion of this mutlcr of wonomy will 
be given in Chapter XI, in connection with exiHTirnenls on 
binary engines using steam and sulphur-dioxide. 

The practical arrangement of a binary engine substitutes for 
the condenser an appliance having somewhat llie same form m 
a tubular surface-condenser, the steam being condensed on the 
outside of the tubes and withdrawn in the form of water of con- 
densation at the bottom. Through the tubes la forced the 
more volatile fluid, which is vaporized much as U would be in a 
“water-tube" boiler. The vapor is then used in a cylinder 
dilTcring in no essential from that for a stcnm-cnginc, and in turn 
is condensed in a surface-condenser which is cooled witlt water 
at the lowest possible temperature. 

An ideal arrangement for a binary engine avoiding the use of 
air-pumps would appear to be the combination of a tompouml 
non-condensing steam-engine with a tliird cylinder on the binary 
system which should have for its working substance a fluid that 
would give a convenient pressure at sia^F., and a pressure 
somewhat above the atmosphere at 6 o® F. There is no known 
fluid that gives both these conditionsj thus ether at at a" F, gives 
a pressure of about 96 pounds absolute, but its boillng-lioinl at 
atmospheric pressure is 94® F., conacqucnlly it would from 
necessity require a vacuum and an air-pump unless the ether 
could be entirely freed from air, and leakage into the vacuum 
s^acc entirely prevented. Sulpliur-dioxldc gives a pressure of .|t 





iSa 


COMPOUND ENGINES 


pounds absolute at 60® F., so that it can always be worked at a 
pressure above the atmosphere; but 313° F. would give an incon- 
venient pressure, and in practice it has been found convenient 
to run the steam-engine with a vacuum of aa inches of mercury 
or about 4 pounds absolute, which gives a temperature of 155® P,, 
at which sulphur-dioxide has a pressure of 180 pounds per square 
inch by the gauge. 

Tlie attempt of du Trembly to use ether for the second fluid 
in a binary engine did not result favorably, as his fuel-con- 
sumption was not less than that of good engines of that time, 
which appears to indicate that he could not secure favorable 
conditions. 


CHAI’TICR X. 
TUSTINO STEAM-ENGINES. 


The principal object of IchIh of .sleam-cnginca is to determine 
the cost of power. Series of engine le.sl3 arc made to 
determine the elTcct of certain conditions, such as suporhcaling 
and steam-jackets, on the economy of the engine. Again, tests 
may be made to investigate the interchanges of heat l.elwecn the 
steam and the walls of the cylinder by the aid of Hirn's analy.sis, 
and thus find how certain conditions iiroducc effects that arc 
favorable or unfavoral)le to economy, 

The two main elements of an engine test are, then, the meas- 
urement of the power developed and the determination of the 
cost of the power in term.s of llvcrmul units, imunds of steam, or 
pounds of coal. Power is most commonly measured by aid of 
the .steam-engine indicator, l)Ut the power delivered by the 
engine is sometimes determined by a dynamometer or a friction 
brake; sometimes, when an indicator cannot be used conven- 
icntly, the dynamic or brake power only is determined. When 
the engine drives a dynamo-clectrk generator the power applied 
to the generator may be determined electrically, and thus the 
power delivered by the engine may be known. 

When the co.st of power is given in terms of coal per horse- 
power per hour, it is sufiicient to weigh the coal for a definite 
period of time. In such case a combined boiler and engine lost 
is made, and all the methods and precautions for a careful boiler 
test must be observed. Tlie lime required for such a test 
depends on the depth of the fire on the grate and the rate of 
combustion. For factory boilers the teal should be twenty-four 
hours long if exact results arc desired. 

When the coat of power is slated in terms of steam per horse- 
power per hour, one of two methods may be followed. When 
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the engine has a surface-condenser the steam c 
engine is condensed, collected, and weigh? 
usually sufficient for tests under favorable ? 
intervals, ten or fifteen minutes, give fairly 
The chief objection to this method is that the 
to leak water at the tube packings. Under fa 
the results of testa by this method and by det( 
water supplied to the boiler arc substantially t] 
on non-condensing and on jet-condensing ej 
consumption is determined by weighing or m( 
water supplied to the boiler or boilers that fuj 
engine. Steam used for any other purpose 
engine, for example, for pumping, heating, or 
nations of the quality of the steam, must b< 
allowed for.' The most satisfactory way is 
weigh such steam; but small quantities, as 
quality by a steam calorimeter, may be gauged 
flow through an orifice. Tests which depend 
feed-water should bo long enough to minimizi 
uncertainty of the amount of water in a boiler 
nn apparent height of water in a water-gauge j 
height of the water-level depends largely on tht 
lion and the activity of convection currents. 

When the cost of power is expressed in tl 
necessary to measure the steam-pressure, the ai 
in the steam supplied to the cylinder, and the t 
condensed steam when It leaves the condenser, 
in jackets or rehenters it must be account© 
But it is customary in all engine tests to ta 
temperatures, so that the cost may usually^ 
thermal units, even when the experimenter is c 
in pounds of steam. 

For a Hirn’s analysis It is necessary to weig 
condensing water, and to determine the temp© 
sion to and exit from the condenser. 

Important engines, with their boilers and oth« 
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are commonly built tinder contract to give a certain economy, 
and the fulfilment of the terms of a contract is determined by a 
test of the engine or of the whole plant. The test of the entire 
plant has the advantage that it gives, as one result, the cost of 
power directly in coal ; but as the engine is often watched with more 
care during a test than in regular service, and as auxiliary duties, 
such as heating and banking fires, are frequently omitted from 
such an economy test, the actual cost of power can be more 
justly obtained from a record of the engine in regular service, 
extending for weeks or months. The tests of engine and boilers, 
though made at the same time, need not start and stop at the 
same time, though there is a satisfaction in making them 
strictly simultaneous. This requires that the tests shall be long 
enough to avoid drawing the fires at beginning and end of the 
boiler test. 

• In anticipation of a test on an engine it must be run for some 
time under the conditions of the test, to eliminate the effects of 
starting or of changes. Thus engines with steam-jackets arc 
commonly started with steam in the jackets, even if they are to 
run with steam excluded from the jackets. An hour or more 
must then be allowed before the effect of using steam in the 
jackets will entirely pass away. An engine without steam- 
jackets, or with steam in the jackets, may come to constant 
conditions in a fraction of that time, but it is usually well to 
allow at least an hour before starting the test. 

It is of the first importance that all the conditions of a test 
shall remain constant tluroughout the test. Changes of steam- 
pressure are particularly bad, for when the steam-pressure rises 
the temperature of the engine and all parts affected by the steam 
must bb increased, and the heat required for this purpose is 
charged against the performance of the engine; if the steam- 
pressure falls a contrary effect will be felt. In a series of tests 
one element at a time should be changed, so that the effect of 
that element may not be confused by other changes, even though 
such changes have a relatively small effect. It is, however, of 
more importance that steam- pressure should remain constant 
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than that all tests at a given pressure should have identically the 
same steam-pressure, hccause the total heat of steam varies more 
slowly than the temperature. 

' All the instruments and apparatus used for an engine test 
should be tested and standardized cither just before or just 
after the test; preferably before, to avoid annoyance when any 
instrument fails during the test and is replaced by another. 

Thermometers. — Temperatures arc commonly measured by 
aid of mercurial thermometers, of which three grades may be 
distinguished. For work resembling that done by the physicist 
the highest grade sliould be used, and these must ordinarily be 
calibrated, and have their boiling- and freezing-points deter- ' 
mined by the experimenter or some riualificd person; since the 
freezing-point is iiablc to cliunge, it should be redetermined when 
necesanry. For important data good thermometers must be used, 
such as arc sold by reliable dealers, but it is prcfornblc that they 
shouhl be culibmled or else compared with a thermometer that 
is known to be reliable. For secondary data or for those requir- 
ing little accuracy common Ihermomolcrs with the graduation 
on the stem may be used, l)Ut tlicse also should have their errors 
determined and allowed for. Thermometers with detachable 
scales should be used only for crude work. 

Oauges. — Pressures arc commonly measured by Bourdon 
gauges, anti If recently compared with a correct mercury column 
thcao arc sufficient for engineering work. The columns used 
by gauge-makers arc sometimes subject to minor errors, and arc ' 
not usually corrected for tcmperalm'c. It is important that : 
such gauges should be frequently retested. 

Dynamometers. — The standard for measurement of power A 
is the friction-brake. For smooth continuous running it is 
CHBcntittl that the brake and its band shall be cooled by a stream 
of water that does not come in contact with tlic rubbing sur- 
faces. Sometimes the wheel is cooled by a stream of water cir- 
culating through it, sometimes the band is so cooled, or both may 
be. A rubbing surface which is not cooled should be of npn^ 
conducting material. If both rubbing surfaces are metallic they 
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, frcelv lubricated with oil. An iron wheel running in a 
bTnd furnished with blocks of wood requires little or no lubri- 

''"rT’avoid the increase of friction on the brake-bearings due 
, ,o„d applied at a single brake-arm, two equal arms may 
be used with two equal and oi>i>oslle forces applied at the ends 

IrlfS gto^workmiuiship a friction-brake may be 
made an instrument of precision sulTicic'nt for physical investi- 
gations but with ordinary care and workmanship it will give 
results of sufliclcnt accuracy tor engineering work. 

An engine which drives an declrie-generalor may readily have 
the dynamic or brake-power determinerl from the electric out- 
put, lUidecl that the ofiiciency of the generator is properly 

Thront power that cun l)c measured for a steam-lurhinc is 
the dynamic or brakc-powerj when connected with an elocinc- 
Kcncrator this involvc-s no diniculiy. For marine propulsion i|; 
is customary to determine the power of steam-turbines by some 
form of torsion-metre applied to the shaft that connects the 
turbine to the propeller. This instrument measures the angle 
of torsion of the shaft while running, and consequently, if_ the 
modulus of elasticity has been determined, gives a positive 
determination of the power delivered to tlie propeller. Under 
favorable conditions a lorsion-meirc may liuve .in error of not 

more than one per cent. _ 

Indicators, — The moat importanl and at the same lime the 
least satisfactory Instrument used in engine-testing is the indi- 
cator. Even when well made and in good condition it is liable 
to have an error which may amount to two per cent when iiacc 
at moderate speeds. At lu'gh speeds, tlvrec hundred revolutions 
per minute and over, it is likely to linvc two or three limes ns 
much error. As a rule, an indicator cannot be used at moic 
than four hundred rcvalulions [jcr minute. 

The mechanism for reducing the motion of the crosshcad o: 
the engine and transferring it to the paper drum of an indicator 
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ahoukl be correct in design tincl free from undue looseness. It 
should require only a very sliort cord leading to the paper drum 
because all the error.4 due to the paper drum arc proportional to 
the length of the cord and may be practically eliminated by 
making the cord short. ^ 

The weighing and recording of the steam-pressure by the indi- 
cator-pislon, pencil-motion, and pencil are alTectccl by errors 
which may he classified us follows: 

1 . Seale of the spring. 

2. Design of the pencil-motion. 

3. Inertia of moving parts. 

<|. Friction and backlash. 

Good indicator-springs, when tested by direct loads out of 
the indicator, usually have correct and uniform scales; that is, 
they collapse under pressure the proper amourit for each load 
applied. When enclosed in the cylinder of an indicator the 
spring is heated by conduction and radiation to the temperature 
of the cylinder, and that temperature is sensibly equal to the 
mean temperature in the engine-cylinder. But a spring is appre- 
ciably weaker at high tcmpcrature.9, so that when thus enclosed 
in the indicator-cylinder, it gives results that are too large; the 
error may be two per cent or more. 

Outside spring-indicators avoid this dilTicuUy and are to be 
preferred for all important work. They have only one disad* 
vantage, in that the moving parts arc licavicr, but this may be 
overcome by increasing the area of the piston from half a square 
Inch to one square inch. 

The motion of the piston of the indicator is multiplied five 
or six times by the pencil-motion, which is usually an approx- 
imate parallel motion. Within the proper rongc of motion 
(alx)ut two inches) the pencil draws a line which is nearly 
straight when the paper drum is at rest, and it gives a nearly 
uniform scale provided that the spring is uniform. The errors 
due to the geometric design of this part of the indicator arc 
always small. 
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When steam, is suddenly let into the indicator, as at admission 
to the engine-cylinder, the indicator-piston and attached parts 
forming the pencil-motion are set into vibration, with a natural 
time of vibration depending on the stiffness of the spring. A 
weak spring used for indicating a high-speed engine may throw 
the diagram into confusion, because the pencil will give a few 
deep undulations which make it impossible to recognize the 
events of the stroke of the engine, such as cut-off and release. 

A stiffer spring will give more rapid and less extensive undu- 
lations, which will be much less troublesome. As a rule, when 
the undulations do not confuse the diagram the area of the dia- 
gram is but little affected by the undulations due to the inertia 
of the piston and pencil-motion. 

The most troublesome errors of the indicator are due 
to friction and backlash. The various joints at the piston 
and in the pencil-motion are made as tight as can be without 
undue friction, but there is always some looseness and some 
friction at those joints. There is also some friction of the piston^ 
in the cylinder and of the pencil on the paper. Errors from this 
source may be one or two per cent, and are liable be excessive 
unless the instrument is used with care and skill. A blunt 
pencil pressed up hard on the paper will reduce the area of the 
diagram five per cent or more; on the other hand, a medium 
pencil drawing a faint but legible line will affect the area very 
little. Any considerable friction of the piston of the indicator 
will destroy the value of the diagram. 

Errors of the scale of the spring can be readily determined and 
investigated by loading the spring with known weights, when 
properly supportedj out of the indicator. This method is prob- 
ably sufficient for outside spring indicators. Those that have 
the . spring inside the cylinder are tested under steam pressure, 
measuring the pressure either by a gauge or a mercury column. 
Considerable care and skill are required to get good results, 
especially to avoid excessive friction of the piston as it remains 
at rest or moves siowly in the cylinder. It must be borne in 
rnipd that the indicator cylinder heats readily when subjected to 
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progressively higher steam pressures, but that it parts with heat 
slowly, and that consequently tests made with falling steam 
pressures arc not valuable. 4 

Scales. — Weighing should be done on scales adapted to the 
load ; overloading leads to excessive friction at the knife-edges and ' 

to lack of delicacy. Good commercial platform scales, when ^ 

tested with standard weights, arcaudicient for engineering work. ' 

Coal and ashes arc readily weighed in barrows, for which the - 

tare is determined by weighing empty. Water is weighed in 
barrels or tanks. The water can usually be pumped in or * ^ 
allowed to run in under a head, so that the barrel or tank can be ? 

filled promptly. Large quick-opening valves must be used to allow I 

the water to run out quickly. As the receptacle will seldom drain | 

properly, it is not well to wait for it to drain, but to close the 
exit-valve and weigh empty with whatever small amount of water 
may be caught in it. Neither is it well to try to fill the receptacle / 
to a given weight, as the jet of water running in may affect the 
weighing. With large enough scales and tanks the largest 
amounts of water used for engine testa inay be readily handled, 

Measuring Water. — When It Is not convenient to weigh water 
directly, it may be measured in tanks or other receptacles of 4 
known volume. Commonly two are used, so that one may 
fill while the other is emptied. The volume of a receptacle may 
be calculated from its dimensions, or may be determined by I 
weighing in water enough to fill It. When desired a receptacle, 3 
may be provided with a scale showing the depth of the water, 
and so partial volumes can be determined. A closed recep- . | 
laclc may be used to measure hot water or other fluids. I 

Water-Meters of good make may be used for measuring water 
when other methods are not applicable, provided they are tested I 
and rated under the conditions for which they are used, taking | 
account of the amount and temperature of the water measured. ,4 
Metros arc most convenient for testing marine engines because 
water cannot be weighed at sea on account of the motion of the j 
ship, and arrangements for measuring water in tanks arc expen- 
sive and inconvenient. For such tests the metre may be placed 
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on a by-pass through which the feed-water from the surface- 
condenser can be made to pass by closing a valve on the direct 
line of feed-pipe. If necessary the metre can be quickly shut 
off and the direct line can be opened. The chief uncertainty in 
the use of a metre is due to air in the water; to avoid error from 
this source, the metre should be frequently vented to allow air 
to escape without being recorded by the metre. 

Weirs and Orifices. — So far as possible the use of weirs and 
orifices for water during engine tests should be avoided, for, in 
addition to the uncertainties unavoidably connected with such 
hydraulic measurements, difficulties are liable to arise from the 
temperature of the water and from the oil in it. A very little oil 
is enough to sensibly affect the coefficient for a weir or orifice. 
The water flowing from the hot-well of a jet- condensing engine 
is so large in amount that it is usually deemed advisable to 
measure it on a weir; the effect of temperature and oil is less 
than, when the same method is used for measuring condensed 
steam from a surface-condenser. 

Priming-Gauges. — When superheated steam is supplied to an 
engine it is sufficient to take the temperature of the steam, in the 
steam-pipe near the engine. When moist steam is used the amount 
of moisture must be determined by a separated test. Origi- 
nally such tests were made by some form of calorimeter, and 
that name is now commonly attached to certain devices which 
are not properly heat-measurers. Three of these will be men- 
tioned ! (r) the throttling-calorimeter, which can usually be applied 
to all engine tests; (a) the separating-calorimeter, which can be 
applied when the steam is wet; and (3) the Thomas electric calor- 
imeter, intended for use with steam-turbines to determine the 
rnoisture in steam at any stage of the turbine whatever may be 
the' pressure or quality of the steam. 

Throttling-Calorimeter. — A simple form of calorimeter, 
devised by the author, is shown by Fig. 48, where A is a 
reservoir about 4 inches in diameter and about 12 inches long 
to which steam is admitted through a half-inch pipe b, with a 
throttle-valve near the reservoir. Steam flovvs away through an 
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inch pipe rf. At / is n gauge for monsuring the pressure, and at 
e tliere is a deep cup for a tlicrmoractcr to measure the temper- 
aturc. The boiler-pressure may be taken 
from a gauge on the main stcam-pipo 
near tlic calorimeter. It should not bo 
taken from a pipe in which there is a 
rapid flow of steam ns in the pipe b 
since tlic velocity of the steam will alTcct 
the gauge-reading, making it less than the 
real pressure. The reservoir is wrapped 
with hair-felt and lagged with wood to 
reduce radiation of heat. 

When a lest is to be made, the valve on 
the pipe d is opened wide (this valve is 
frequently omitted), and the valve at b is 
opened wide enough to give a pressure of 
five to fifteen pounds in the reservoir. 
Readings are then taken of the boiler- 
gauge, of the gauge at/, and of the thermometer at a. It is well to 
wait about ten minutes after the instrument is started before taking 
readings so that it may be well healed. Let the boiler-pressure 
be p, and let r and q be the latent heat and heat of the liquid 
corresponding. I.ct bo the pressure in the calorimeter, r^ the 
heat of vaporisation, q^ the heot of the liquid, and the tempera- 
ture of saturated steam at that pressure, while I, is the tempera- 
ture of the superheated steam in the calorimeter. Then 
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Example, ■— The following arc the data of a test made with 
this calorimeter! 


Pressure of the atmosphere . . . 
Steam-pressure by gauge . . . 
Pressure in the calorimeter, gauge 
Temi>erature in the calorimeter . 


. 14.8 pounds; 

. 69.8 " 

. 12.0 “ 

. a68®.s F. 
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Specific heat of superheated steam for the condition of the 
2St 0.48. 

04^.8 + 212.7 + 0.48 (268.2 - 24 .'^.q) - 285.9 - ^ ggg; 

892.3 

Per cent of priming, 1 . 2 , 

A little consideration shows that this type of calorimeter 
an be used only when the priming is not excessive; otherwise 
he throttling will fail to superheat the steam, and in such case 
nothing can be told about the condition of the steam either before 
)r after throttling. To find this limit for any pressure ^ may be 
nade equal to in equation (152); that is, we may assume that 
he steam is just dry and saturated at that limit in the calorimeter* 
Ordinarily the lowest convenient pressure in the calorimeter is 
he pressure of the atmosphere, or 14*7 pounds to the square inch* 
The table following has been calculated for several pressures in 
■he manner indicated. It shows that the limit is higher for higher 
pressures, but that the calorimeter can be applied only where 
the priming is moderate* 

When this calorimeter is used to test steam supplied to a 
condensing- engine the limit may be extended by connecting the 
exhaust to the condenser. For example, the limit at 100 pounds 
absolute, with 3 pounds absolute in the calorimeter, is 0*064 
instead of 0,040 with atmospheric pressure in the calorimeter* 


LIMITS OF THE THROTTLING-CALORIMETER* 


Preaaure. 

Priming. 

Abiolute. 

Gaugft. 

300 

385.3 . 

0.077 

250 

335.3 

0,070 

200 

185.3 

0,001 

ns 

160,3 

0,058 

150 

135.3 

0.052 

125 

110.3 

0.046 

100 

85.3 

0,040 

75 

60.3 

0.032 

50 . 

35.3 

0,023 
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TESTING STEAM-ENGINES 


In cttsc the ctilorimclcr is used neiir its limit — that is, when 
the suiHTheuting is a few degrees only --it is essential that the 
thermometer should he entirely reliiihle; otherwise it might 
htqipcn thill the thermometer should show superheating when 
the Hleiim in the calorimeter was .saturated or moist. In any 
other ease a considerable error in the temperature will produce 
an ineonsldcrabUf elTcct on the result. Thus at loo pounds 
absolute with uimosphcric pressure in the cidorimetcr, lo® F. of 
BUiierhcaling indicates 0.035 priming, and 15® F. indicates 0.034 
priming. So also a slight error in the gauge-reading has little 
efTeet. Suppose the reading to lie iiiiiiarenlly 100.5 Poww's 
absolute insioad of 100, then with 10" of superlicaling the prim- 
Ing appears to be 0.033 instead of 0.03a. 

It has been found by experiment that no ivllowancc need he 
made for radiation from this calorimeter if made us described, 
provided that aoo pounds of steam are run tbrough it per hour. 
Now this quantity will flow through an orifice one-fourth of an 
inch in diameter under the pressure of 70 pounds by the gauge, 
so that if the ihrollle-valvc be replaced by such an orifice the 
question of radiation need not be considered. In such case a ; 
Bloi>-valvc will be placed on the pipe to sluil off the cidorimelet 
when not in use; it Is opened wide when a lest is made. If an ■ 
orifice is not provided the ihroltlc-valvu may be opened at first 
a small amount, and the temperature in the calorimeter noted; 
after a few minutes the valve may be opened a trifle more, where- , 
upon the temperature may rise, if loo little steam was used at 
first. If the valve Is opened little by little till the temperature 
slops rising, it will then be certain that enough steam is used to 
reduce the error from radiation to a very small amount. 

Sepamtlng-Calorlmeter. — If steam contains more than 
three per cent of moisture the priming may be determined by 
a good aepariilor which will remove nearly all the moislwo. 
It remains to measure the steam and water separately. The 
water may be best measured In a calibrated vessel or receiver, 
while the steam may be condensed and weighed, or may be 
gauged by allowing It to flow through an orifice of known sisc, 
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A form of separating-calorimeter devised by Professor Carpenter * 


is shown by Fig. 49. 

Steam enters a space at the top 
which has sides of wire gauze and a 
convex cup at the bottom. The water 
is thrown against the cup and finds its 
way through the gauze into an inside 
chamber or receiver and rises in a 
water-glass outside. The receiver is 
calibrated by trial, so that the amount of 
water may be read directly from a gradu- 
ated scale. The steam meanwhile passes 
into the outer chamber which surrounds 
the inner receiver and escapes from an 
orifice at the bottom. The steam may 
be determined liy condensing, collecting, 
and weighing it; or it may be calculated 
from the pressure and the size of the 
orifice. "When the steam . 3S weighed 



FiOi 49* 


there is no radiation error, since the 

inner chamber is protected by the steam in the^ outer chamber. 
This instrument may be guarded against radiation by wrapping 
and lagging, and then if stc^m enough is used the radiation will 
be insignificant, just as was found to be the case for the 
throttling-calorimeter. 

The Thomas Electric Calorimeter. —The essential feature of this 
instrument (Fig. 50) is the drying and superheating of. the steam 
by a measured amount of electric energy. Steam is admitted 
at B and passes through numerous holes in a block of soapstone 
which occupies the middle of the instrument; these holes are 
partially filled with coils of German silver wire which are heated 
by an electric current that enters and leaves at the binding- 
screws. The steam emerges dry or superheated at the upper 
part of the chambefand passes down through wire gauze, which 
surrounds the central escape pipe; this central pipe surrounds 
>l< Trans* Am. Soc, Mach* Ilngs.% vol. xvli, p. 608, 
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the thermometer cup, and leads to the exit at the top, which has 
two orifices, cither of which may be piped to a condenser or 

eisewhere. 

To use the instrument it is 
properly connected by a sampling, 
tube to the space from which 
steam is drawn, and valves are 
adjusted to supply a convenient 
amount of steam which is assumed 
to be uniform for steady pressure; 
this last is a matter of some im- 
porlancc. 

The current of electricity is 
then adjusted to dry the steam; 
this may be determined by noting 
the temperature by the thermom- 
eter in the central thermometer 
cup, because that thermometer 
will show a slight rise corres- 
ponding to a very small degree ' 
of superheating which is sufficient 
to indicate the disappearance of 
moisture, but not enough to affect 
the determination of quality by 
the instrument. The wire gauze 
surrounding the thermometer is an essential feature of this 
operation, as it insures the homogeneity of the steam, which, 
without the gauze, would be likely to be a mixture of super- 
heated steam and moist steam. Readings are taken of the 
proper electrical instruments from which the electrical energy 
imparted can be determined in watts; let this energy required to 
dry the steam be denoted by 23,. Now let the electric current be 
increased till the steam is superheated 30 ®, and let iS, be the 
Increase of electric input which is required to superheat the 
steam, 

If W is the weight of steam flowing per hour through the 
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instrument under the first conditions, the weight when super- 
heated will be CW, where C is a factor less than unity which 
has been determined by exhaustive tests on the instrument. 
The amount of electric energy required to superheat one pound 
of steam 30° from saturation at various pressures has also been 
determined and may be represented by 5 ; this constant has been 
so determined as to include an allowance for radiation, and is 
more convenient than the specific heat of superheated steam, in 
this place. Making use of the factors C and 5 , we may write 

E, - CSW, orW^^, 

which affords a means of eliminating the weight of steam used; 
this is an important feature in the use of the instrument. 

Returning now to the first condition of the instrument when 
steam is dried by the application of B, watts of electric energy, 
we have for the equivalent heat 

3.42 

and dividing by the expression for the weight of steam flowing 
per hour, we have for the heat required to dry one pound of 
steam . 

where r is the heat of vaporization and i — a? is the amount of 
water in one pound of moist steam. 

Solving the above equation for x, we have 

^.42 CS E, 

If desired, the constant factors may be united into one term, and 
the equation may be written 

K ^ 

* = I ir* 

r Jzj 

With each instrument is furnished a diagram giving values of 
K for all pressures, so that the use of the instrument involves 
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only two readings of a wattmeter and the application of tlic above 
simple equation. 

For example, suppose that the use of the instrument in a 
particular case gave the values E, =• 240, and /?, = 93.0 for 
the absolute pressure 100 pounds per square inch. The value 
of K from the diagram is 54.2, and r from the steam-tables is 884, 
consequently 


X 


884 93.0 


0.84. 


Method of Sampling Steam. — It is customary to take a sample | 
of steam for a calorimeter or priming-gauge through a small 
pipe leading from the main steam-pipe. Tlic best method of J 
securing a sample is an open question; indeed, it is a question 
whether we ever get a fair sample. There is no question but ') 
that the composition of the sample is correctly shown l>y any of 
the calorimeters described, when the observer maltcs tests with 
proper care and skill. It is probable that the best way is to 
take steam through a pipe which reaches at least halfway across / : ■ 
the main steam-pipe, and which is closed at the end and drilled 
full of small holes. It is better to have the sampUng-pipo at 
the side or top of the main, and it is better to take a sample 
from a pipe through which steam flows vertically upward. The j 
sampling-pipe should be short and well wrapped to avoid J 
radiation. 



CHAPTER XI. 

influence of the cylinder walls. 

In this chapter a discussion will be given of the discrepancy 
between the theory of the steam-engine as detailed in the previous 
chapter, and the actual performance as determined by tests on 
engines. It was early evident that this discrepancy was due 
to the interference of the metal of the cylinder walls which 
abstracted heat from the steam at high pressure and gave it out 
at low pressure. In consequence there followed a long struggle 
to determine precisely what action the walls exerted and how to 
allow for that action in the design of new engines. The first 
part has been accomplished; we can determine to a nicety the 
influence of the cylinder walls for any engine already built and 
tested; but as yet all attempts to systematize the information 
derived from such tests in such a manner that it can be used 
in the design of new engines has been utterly futile. Conse- 
quently the discussion in this chapter is important mainly 
in that it allows us to understand the real action of certain 
devices that are intended to improve the economy of engines, 
and to form a just opinion on the probability of future im- 
provements. 

\As soon as the investigations by Clausius and Rankine 
and the experiments by Rcgnault made a precise theory of 
the steam engine possible, it became evident that engines used 
from quarter to half again as much steam as the adiabatic 
theory indicated, and in particular that expansion down to 
the back-pressure was inadvisable. An early and a satis- 
factory exposition of these points was made by Isherwood 
after his -tests on the U. S. S. Michigan, which are given in 
Table HI. 
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TICSTS ON THE KNtHNE OK THE U. .S. .S. MICHIGAN, 

CVUNOKR IHAMKTKH, it> INCllKB; HTUOKK, 8 RKItT. 

ny CUIct'Kngimscr IbukkwooHi Resmrcim In lixperhmilal Stem 
liHgliieerhiii. 


Biirnllon, himM 
Cut-off 

Revohilionii |wr mtnuto . . . . - 
WoIlcr-preBautc, ixtunflN f»r H'l to 

«lmo»i>hcra 

Itnroiueler, liu'he# of luewury 

Vftcuutu, iitOu!# of mert iiry 

Slcnin Iter lwnte«|Mtwi;r jkt luntr, tRiuntlK . 

Per rent of wutcr Ui l^yl» Hlrr nt yW , 

In the first plnce the btisl economy ft»r this engine was 33.7 
pounds inslctid of 36.5 pounds an ctilculalcd by the expression 

fio X .Li ooo . 

778 (r, -I q^ - 3 f/, - ?j) 

deduced on page l|J for the slcanvconsumplbn for a non-con< ; i 

ducting engine with 
complete expansion.' 
This result was ob- 
tained with cut-ort at 
^ou^ninths of the ; 
stroke which gave a 
terminal pressure of; 
one pound above tlte 
atmosphere. 

The manner of thc; 
variation of the stcarti 
consumption with the 
cut-off is clearly:, 
shown by Fig. 511 if! 
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which the fraction of stroke at cut-off I# taken for abscissas and 
the alcam-consumptiona as ordinates. 
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To make the diagram clear and compact, the axis of absciss® 
is taken at 30 pounds of steam per horse-power per hour. An 
inspection of this diagram and of the figures in the table shows 
a regularity in the results which can be attained only when tests 
are made with care and skill. The only condition purposely 
varied is the cut-off; the only condition showing important acci- 
dental variation is the vacuum, and consequently the back- 
pressure in the cylinder. To allow for the small variations in 
the back- pressure Isherwood changed the mean effective pressure 
for each test by adding or subtracting, as the case might require, 
the difference between the actual back-pressure and the mean 
back-pressure of 2.7 pounds per square inch, as deduced from 
all the tests. 

An inspection of any such a scries of tests having a wide range 
of expansions will show that the steam-consumption decreases 
as the cut-off is shortened till a minimum is reached, usually at 
i to i stroke; any further shortening of the cut-off will be accom- 
panied by an increased steam-consumption, which may become 
excessive if the cut-off is made very short. Some insight into 
the reason for this may be had from the per cent of water in the 
cylinder, calculated from the dimensions of the cylinder and the 
pressures in the cylinder taken from the indicator-diagram. 
The method of the calculation will be given in detail a little later 
in connection with Hirn’s analysis. It will be sufficient now to 
notice that the amount of . water in the cylinder of the engine of 
t\iQ Michigan at release increased from 10.7 per cent for a cut-off 
at of the stroke to 45-1 per cent for a cut-off at ^ of the 
stroke. Now all the water in the cylinder at release is vaporized 
during the exhaust, the heat for this purpose being abstracted 
from the cylinder walls, and the heat thus abstracted is wasted, 
without any compensation. The walls may be warmed to some 
extent in consequence of the rise of pressure and temiperature 
during compression, but by far the greater part of the heat 
abstracted during exhaust must be supplied by the incoming 
steam at admission. There is, therefore, a large condensation 
of steam during admission and up to cut-off, , and the greater part 


inkluknck of the cyijnijer walls 




illpill 

IHBw 

liiWH 

iliil 

lilliif 


gs 

iic 



aoa 

of lUc Hlcam lluw contlcnaird remains in llic form of water and ' 
docs lillle if anything toward producinK work. This maybe 
seen by inspection of the table of results of DixwcU's tests on 
page 370. With saturated steam aivl with cut-off at 0.217 of the 
.stroke, $2.3 per cent of the working .substance in the cylinder 
was water. Of this 19.8 per cent was relivaporatcd during ex- 
pansion, and 33.4 per cent remained at release to be rebvaporated ' 
during cxhaiisl. When the cut-off was lengthened to 0.689 of . 
the .stroke, there was 27.9 i)cr cent of water at cut-off and 23.9 ' 
per cent at release. The slnlemeitt in percentages gives a 
correct idea of tlie pr<?i>onderating intluunce of the cylinder walls ■ 
when the cut-off is unduly shortened; it is, however, not true 
lluit there is more condensation with a sliort tluin with a long 
cut-off. On tlic contrary, there is more water condensed in 
the cylinder when tl\e cut-off is long, only the condensation' 
docs not Increase as fast ns do tlui weight of steam supplied to 
the cylinder and the work done, and conaeciuently the conden- - 
anlion itas a less effect. 

Oraphicnl Roprosentatlon. — The divergence of the actual 

expansion lino from the 
ndialjatic line can bo ■: 
siwwn in n striking manner 5 
by plotting the former on 
tlic Uimperalurc-cntropy 
dingrtim us shown lit ; ■ 
Fig. 53 which is con- '? 
structed from tho Indicator- 
diagram in Fig. sa, »hown with the axes of zero pressure and 
zero volume drawn in the usual manner, allowing for clearanc| 
and for tlic pressure of the atmosphere. 

In order to undertake tiiis construction tlic weight of 
per stroke W as determined from the test of the engine during 
which the diagrams were taken, must be determined, and thc: 
weight of steam W„ cauglit in the clearance must be computed 
Trom the pressure and volume y; live beginning of compression. , 
The dry steam line (Fig. 5a) '« drawn by the following process. 




graphical representation 
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r A ne is drawn at a convenient pressure, and on it is laifl off 
J'JrvolLc of W +w, pounds of dry steam as delornnnfd 
from the jlcim-taUo to tire proper sciilc oMhc rlrawmB- l>iu« 
Ti the epcciac volume of the .steam at the pressure />. the 
volume of 8t«tm preseat If dry and saUiratetl would he 

(W H- WJ J,. 

But the length of the diagram in inches is proporllonai lo 
the Olsten displacement D in cubic feel. The latter ,» ohia.msi 
by multiplying lire area of the piston in square feet by its stroke 
Meet r« the crank end the net area of the piston ,» lo he usesi, 
allowing for lire pisten-ro<l. Constsiuenlly lire prolrer iilsteema, 

representing the volume is obtained by multiplying by fy givmg 




D 


and of this all except ^ is a constant for which a numerical result 

can be found. , , i i 

The diagram shown by Fig. 52 was taken from the head end 

of the high-pressure cylinder of an experimental engine in the 
laboratory of the Massachusetts Insliluic of Technology. The 
value of W -I- W, was found to be 0.075 of a pound; the pi»lon 
displacement was i.ioa cubic feet, and the length of the dhtgmra 
was 3.69 inches) consequently 

' (W H- I’K.) L 

ism 0 * 3 5 1 • 

The line ae was drawn at 90 pounds absolute at which s »» «t-86 
cubic feet; the length of the line <ie was consequently 

0.251 X 4.86 r.aa Inch. 

Neglecting the volume of the water present, the volume of 
steam actually present bore the same ratio lo the volume of the 
steam when saturated, that ac had to ae. This gave in llic figure 
at c 

ac 0.04 


ttsa mi 


ae i.aip 




■I 


M 

K 



0.771. 
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To plot the point c on the temperature-entropy cUt 
Fig. 53, we may find the temperature at 90 pounds ab 
namely, 320® F., and on a line with that temperature as ai 
natc we may interpolate between the Unca for constant 

k of X. Other poir 
be drawn in a Uk( 
ner, and the curve 
be sketched in; si 
that the steam co: 
to yield heat to thj 
der walls from cut-i 
is reached on Fig. 

\\\\\V\\X\''N^\ perhaps a trifle 

\\ \\ V.\\\ lleyond c the stc 

i-’ ceives heat from tl 

”■ until exhaust oper 

The same fcnlure is exhibited in Fig. 5a, by draw 

adiabatic line xiln from the point of cut-otT. The point d 
located by multiplying the length ae, which represents the 
of .steam in the cylinder when dry by the value of « aft 
batic expansion from the point of cut-off ii> I his po 
readily included in the preceding investigation, so that .r, 
determined. Locating n on the temperature-entropy d 
|7jg, 53, we may draw through it a vertical constant entr 
and note where it cuts the lines corresponding to the 
Unca like ae in Fig. 53, and interpolate for the value 
For example, the entropy at « in Fig. S 3 appcirs to 
and at 330® F., which corresponds to 90 pounds, this 
line givea by interpolation 0.78, so llvat the length of ad 

0.78 X 1.33 «« 0.95. 

In thia diacusaion no attempt ia made to dialinguish the : 
wlilch may be in contact with lire wall from the remo 
steam and water in the cylinder. In reality that moia 
furniahed the heat which the cylinder walls acquire 
ttdmiaabn, and it abalracls heat from the walla during th 
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. The mixture, moreover, is not homogeneous, because llio 
on tUo cyWc, walls is likely .0 bo colder tan .be 

tab e 10 exegB 1 „ti„ ,|.e 

honrontal Ime and lends lo r 

STeX “lie valve has closed a. cu.-olT Atlerwnrd, i. 

give a correct idea of the influence of the walls of the ( yluuUr 
of a steam-engine, our first clear insight into the actum of the 
walls is due to Hirn,* who accompanied his exposition by (pmn • 
titative results from certain engine tesla. The aialemenl (if Im 
method which will be given here is derived from a memoir liy 

Dwelshauvers-Dery.f , „ i ii,„ 

Let Fig. S4 represent the cylinder of a sleam-engino and llio 

diagram of the actual cycle. For sake of simplicity the diagram 
is represented without lead of admission 
or release, but the equations to be deduced 
apply to engines having cither or both. 

The points i, 2, 3) ° 

cut-off, release, compression, and admission. 

The part of the cycle from o to i, that is, 
from admission to cut-off, is represented 
by a; in like manner, 6, c, and d represent 
the parts of the cycle during expansion, 
exhaust, and compression. The numbers will be usctl a* sub* 
scripts to designate the properties of the working fluid under 
the conditions represented by the points indicated, and the 
letters will be used in connection with the operations taking 
place during the several parts of the cycle. Thus at cul-olT the 

♦ Bulletin fie la Soc. hid. ile Mulhom, 1873! ThiorU Attehaalque d« la Chal*iif, 
yol li, 1876. 

f RevM wiherseHc d$s Mims^ vol, vlll, p. 363, 1880, 
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pressure is Pi, and the temperature, heat of the liquid, heat of 
vaporization, quality, etc., are represented by q^, r^, etc. 
The external work from cut-off to release is TF,, and the heat 
yielded by the walls of the cylinder due to reSvaporation is Qj, 
Suppose that M pounds of steam are admitted to the cylinder 
per stroke, having in the supply-pipe the pressure p and the 
condition that is, each pound is x part steam mingled with 
I _ ^ of water. The heat brought into the cylinder per stroke, 
reckoned from freezing-point, is 


M {q xr) 


• (153) 


Should the steam be superheated in the supply-pipe to the 
temperature /„ then 

Q = M \r + q-{- jedf] (154) 

for which a numerical value can be found in the temperature- 
entropy table. 

Let the heat-equivalent of the intrinsic energy of the entire 
weight of water and steam in the cylinder at any point of the 
cycle be represented by I\ then at admission, cut-off, release, 
and compression we have 

+^0^*); 

« (M -b M,) (?, H- x,p,)\ (156) ; 

/,= (M )((?,+ . .... .(157) 
h^M,{q + »A); (*s8y 

in which p is the heat-equivalent of the internal work due to 
vaporization of one pound of steam, and JI/q is the weight of ^ 
water and steam caught in the cylinder at compression, calculated v 

in, a manner to be described hereafter. 

At admission the heat-equivalent of the fluid in the cylinder 
is and the heat supplied by the entering steam up to the point 
of cut-off is Q. Of the sum of these quantities a part, AWg, is 
used in doing external work, and a part remains as intrinsic 
energy at cut-off. The remainder must have been absorbed by 
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the walls of the cylinder, and will be represented by Qa, Hence 
Qfl “ Q -I- AW a. 

From cut-00 to release the external work Wt, is done, and at 
release the hent-cquivalent of the intrinsic energy is Usually 
the walls of the cylinder, during expansion, supply heat to the 
steam and water in the cylinder. To be more explicit, some 
of the water condensed on the cylinder walls during admission 
and up to cut-o0 is evaporated during expansion. This action 
is so energetic that /, is commonly larger than Since heat 
absorbed by the walls is given a positive sign, the contrary sign 
should be given to heal yielded by them; it is, however, con- 
venient to give a positive sign to ail the interchanges of heat in 
the equations, and then in numerical problems a negative sign 
will indicate that heat is yielded during the operation under 
consideration. For o.vpansion, then, 

Qj Ks» — Jj — /ITFj. 

During tine exhaust the external work is done by the engine 
on the steam, the water resulting from the condensation of the 
steam in the condenser carries away the heat Mq^, the cooling 
water carries away the heat G (7* - qd, and there remains at 
compression the hcat-cquivaicnt of intrinsic energy I,. So that 

~ A •“ ^ ((/* “ li) -I' 

in which is the heat of the liquid of the condensed steam, and 
G is the weight of cooling water per stroke which has on entering 
the heat of tire liquid ffi, and on leaving the heat of the liquid 

During compression the external work W,i is done by the 
engine on the fluid In the cylinder, and at the end of compression, 
i.c., at admission, the heat-equivalent of the intrinsic energy is Jq. 
Hence 

Qd Zj “ 'h AW a. 

It should be noted (Fig. 54 ) that the work W„ is represented 
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by the area which is Ijoundwl iiy tlie steam line, the ordinates 
through o anti i and hy the base line. And in like manner the 
works Fj, T'K„ and Frf represented by areas which extend 
to the base line. In working up the analysis from a test the 

line of tibsolule zero of pressure may be 
drawn under the atmospheric line as in 
P'K' 55i <»■ proper allowance may be 
made after the calculation 1ms been made 
with reference to the atmospheric line. 

For convenience these four equa- 
tions will be assembled as follows: 



l-'H.. »- 


Q« *« () -b l„ 

Qj « /, — 

Q. - I, - I, 

(),l h 


' I 

AW 

M<u 

dlF. 


(159) 

(ifio) 

G {{]t qi) d- dF, . (161) 
(162) 


A considernturn of these e<|ualionR shows that all the quanti- 
ties of the right-liniul members can be olHaincd directly from 
the proper olmcrvalionw of an engine lest except the aovctal 
values of I, liu: Ircat-enuivalcniH of the intrinsic energies in the 
cylinder. Tirese f|unniiiies are represented by cciuations (155) 
to (158), in which there are five unknown (luanlilies, namely, 

»0. »ll '^1' . .Ill 

Let the volume of live clearance -space between the valve and 
the piston when it i« at the end of its stroke be and let the 
volumes developed by the piston up to cut-off and release bo 
V and V,\ finally, let F, represent the corresponding volume 
at compression. The specific volume of one pound of mixed 
water and steam is 

1; ^ XU 

and the volume of kf pounds is 



V ^ Mv ^ M (.VM -I- 9). 
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At the points ot admission, cut-off, release, and compression 


Fo « iWo ('V'o • 

y + « (M 'f- Mo) -I* ‘r) 

y° + F, = (M -I- Mo) ’i' ♦ 


Fo -I- F, =» Mo (XiUs -I- <r) 


. (i<m) 
. (1 66) 


There is sufficient evidence that the steam in the cylinder 
,l comprcKon Is nearly if nol quile dry, awl >hora » .jam- 
paratively Uulc steam present at that time, there cannot 
much error in assuming 

a?j ««■ I. 

This assumption gives, by equation (i66), 

Fj, -I - F 


M„ 


Fo H- Fo 


(Fo »!• F,)7, . . («f»7) 

If, + <r J, 

in which % is the density or weight of one cubic foot of dry 
steam at compression. 

Applying this result to equations (363) to (365) gives 


“ wX 


a 

«n 


X, 


F_o H- F, 


0* 


(M -I- Mo) If, « 


(M-|-M„)h, rf, 


....... (168) 

.... (i6q) 

. . . (170) 


We arc now in condition to find the values of /„ /„ and 

i„ and consequently can calculate all the intcrcluingcs of heat 
by equations (159) to (163). 

Should the value of a: in any case appear to be greater than 
unity it indicates that the steam is superheated i this may hajipcn 
for #01 and then as the weight of steam M# Is relatively smidl, 
and as the superheating is usually slight, it will be Buffiicient la 
make equal to unity, It is unlikely to be the cose for .v, or .v,, 
even though the steam is strongly superheated in the steam. pipe; 
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should the computation give a value slightly larger than unity 
the steam may be assumed to be dry without appreciable error, 
and the work may proceed as indicated* If in the use of very^ 
strongly superheated steam a computed value of is appre- 
ciably larger than unity, we may replace the equation (i66) by 

+ (M +M,)v„ 

where is the specific volume of superheated steam; conse- 
quently 

■ M +M, 

By aid of the temperature-entropy table we may find (by inter- 
polation if necessary) the corresponding temperature and the 
value of the heat-contents or total heat* The heat-equivalent 
of the intrinsic energy is then equal to this quantity minus 

In the diagram, Fig* 54, the external work during exhaust is 
all work done by the piston on the fluid, since the release is 
assumed to be at the end of the stroke* If the release occurs 
before the end of the stroke, some of the work, namely, from 
release to the end of the stroke, will be done by the steam on the 
piston, and the remainder, from the end of the stroke back to 
compression, will be done by the piston on the fluid. In such 
case Wc will be the difference between the second and the first 
quantities. If an engine has lead of admission, a similar method \ 
may be employed; but at that part of the diagram the curves of 
compression and admission can be distinguished with difficulty, * 
if at all, and little error can arise from neglecting the lead. 

The several pressures at admission, cut-off, release, and 
compression are determined by the aid of the indicator-diagram, . 
and the pressures in the steam- pipe and exhaust-pipe or con- 
denser are determined by gauges* The weight M of stcam 
supplied to the cylinder per stroke is best determined by con- 
densing the exhaust-steam in a surface-condenser and collecting 
and weighing it in a tank. If the engine is non-condensing, or 
if it has a jet-condenser, or if for any reason this method cannot 
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be used, then the feed-water delivered to the boiler may be deter- 
mined instead. The cooling or condensing water, either on 
the way to the condenser or when flowing from it, may be weighed, 
or for engines of large size may be measured by a metre or gauged 
by causing it to flow over a weir or through an orifice. The 
several temperatures h, Uy and must be taken by proper ther- 
mometers. When a jet-condenser is used, and the condensing 
water mingles with the steam, k is identical with The quality 
X of the Steam in the supply-pipe must be determined by a steam- 
calorimeter, A boiler with sufficient steam-space will usually 
deliver nearly dry steam; that is, x will be nearly unity. If 
the steam is superheated, its temperature i, may be taken by a 
thermometer. 

Let the heat lost by radiation, conduction, etc., be Q^', this 
is commonly called the radiation. Let the heat supplied by 
the jacket be Qj. Of the heat supplied to the cylinder per stroke, 
a portion is changed into work, a part is carried away by the 
condensed steam and the cooling or condensing water, and 
the remainder is lost by radiation; therefore 

Q«=Q + Qy-Mgi--C?(2*-gf)-A (W„+W^-Wc~ W^) . (171) 

The heat Qj supplied by a steam-jacket may be calculated 
by the equation 

Qj ^ + q' ^ g") . . . . (172) 

in which m is the weight of water collected per stroke from the 
jacket; !)/, and y are the quality, the heat of vaporization, 
and the heat of the liquid of the steam supplied; and g" is the 
heat of the liquid when the water is withdrawn. When the 
jacket is supplied from the main steam-pipe, is the same as 
the quality in that pipe. When supplied direct from the boiler, 
w' may be assumed to be unity. If the jacket is supplied 
through a reducing- valve, the pressure and quality may be 
determined either before or after passing tbe valve, since throt- 
tlihg does hot change the amount of heat in the steam. Should 
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the Steam applied to the jacket bo superheated Trom any cause, 
we may use the equation 

Qi ^ m tr' -P}' -I- c,, {IJ - /') ~ f ] . , . (1^3) 

in which r* and g' arc the heat of vaporization and heat of 
the liquid of saturated vStcam at the temperature /•', and ij is 
the temperature of the superheated steam. 

Equation (lyi) furnishes a method of calculating the heat 
lost by radiation and conduction; but since Q, is obtained by 
subtraction and is small compared with the quantities on the 
right-hand side of the equation, the error of this determination 
may be large compared with Q, itself. The usual way of deter- 
mining Q, for an engine with a jacket is to collect the water 
condensed in the jacket for a known time, an hour for example, 
when the engine is at rest, and then the radiation of heat per 
hour may be calculated. If it be assumed that the rate of radia- 
tion at rest is the same as when the engine is running, the radia- 
tion for any test may be inferred from tire time of the test and the 
determined rate. But the engine always loses heat more rapidly 
when running than when at rest, so that this method of 
determining radiation always gives a result which is too 
small. 

If a steam-engine has no jacket it is dilTicult or impossible 
to determine the rate of radiation. The only available way 
appears to infer the rate from tliat of some similar engine with 
a Jacket. Probably the best way is to get an average value of 
Q, from the application of equation (171) to a series of care- 
fully made teats. 

It is well to apply equation (171) to any test before beginning 
the calculation for Hirn’s analysis, ns any serious error is likely' to 
be revealed, and so time may be saved. 

When the radiation Q, is known from a direct determination 
of the rate of radiation, we may apply Hirn’s analysis to a test 
on an engine even though the quantities depending on the con- 
denser have not been obtained. For from equation (171) 
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-Mqt- G (?* - ” * 3 « “ Q-Qj + Wi- W,- PFd), 

and consequently 

li ~ Q "" Qj -I' Qt ■!' ^ (^^<« ~ • ' (*74) 

Thus it is possible to apply the analysis to a non-con- 
densing engine or to the high-pressure cylinder of a compound 

engine. 

It is apparent that the heat Q„ thrown out from the walls 
of the cylinder during exhaust, passes without compensation 
to the condenser, and is a direct loss. Frequently it is the 
largest source of loss, and for this reason Him proposed to make 
it a test of the performance and perfection of the engine; but 
such a use of this quantity is not justifiable, and is likely to 
lead to confusion. 

The heat Qi that is restored during expansion is supplied at 
a varying and lower temperature than that of the source of heat, 
namely, the boiler, and, though not absolutely wasted, is used 
at a disadvantage. It has been suggested that an early com- 
pression, as found in engines with high rotative speed, warms 
up the cylinder and so checks initial condensation, thereby 
reducing Q„ and finally Q, also. Such a storing of heat during 
compression and restoring during expansion is considered to 
act like the regenerator of a hot-air engine, and to make the 
efficiency qf the actual cycle approach the efficiency of the ideal 
cycle more nearly than would be the ease without compression. 
It does not, however, appear that engines of that type have 
exceeded, if they have equalled, the performance of slow-speed 
engines with small clearance and little compression. 

Application. ~ In order to show the details of the method of 
applying Hirn’s analysis the complete calculation for a test 
' made on a small Corliss engine in the laboratory of the Massa- 
chusetts Institute of Technology will be given. Its usefulness is 
mainly as a guide to any one who may wish to apply the method 
for the first time. 
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Dlnmcter of the cylinder . , , 
Stroke of the ptaton . i « « , 
Piston cliapincement : cnink end 
hend end 


3 inches. 

9 feel. 

cu, ft, 
o*jox6 “ 


Clearance, per cent of piston displacement; 


crank end , 
head end . 
lioller-preaniire hy gniige 
BAmnietor 


Condition of steam, two per cent of moisture. 
Events of the stroke: 


3-7S 

s-n 

77'4 pounds, 
14.8 » 


Cutoffs crank end 
head end « 


Oijofi of stroke. 
0,330 


Release at end of stroke. 


Compression t crank end 
head end 


0.013 of stroke. 
0.0301 '♦ 


Duration of the test, one hour. 


Total number of revolutions 

Weight of steam used 

Weight of condensing water used 

Temperatures : 

Condensed steam . , 

Condensing water: cold 

warnt 


360s 

54B poumls, 
14.568 


/* «« T41®.X F. 
/( «■ S^®.9F. 
88^3 F, 



* ABSOLUTE PRESSURES, FROM INDICATOR-DIAORAMS, AND 
CORRESPONDING PROPERTIES OP SATURATED STEAM. • 


Chank Khii. 


Kmad Khi). 



V 

mm 

984^6 

8x3.0 

917.8 

864.8 

181, X 

803.9 


877.4 



Cul-olT . . . 
UoleasQ , , . 
Comprosaion . 
AclinlsBlon . 


♦ These valuos are taken from the first edition of the Tables of Proinsrlios of 
Saturated Steam. 
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MEAN PRESSURES, AND HEAT-EQUIVALENTS OF EXTERNAL 

WORKS. 



Crank End. | 

Head End. 

M«an Prc9«ur«s. 

Equivalents of 
Work. 

Mean Pressures. 

Equivalents o£ 
Work. 

Admission ► - . . 

87.7 

3-369 

89.3 

3-711 

Expansion , , . . 

44 . 5 

3-877 

47.1 

4 -IS 9 

Exhaust 

14.8 

1,836 

14.8 

1.847 

Compression , . . 

18.3 

0.029O 

21 .8 

O.IIO4 


VOLUMES, CUBIC FEET. 


Ckakk End. 


At cut-off, V'o + » 

At release, Fo -h * 

At compression, 7o-H 
At admission, Vq . * 


02333 

o . 7046 
0-0343 
0.02550 


Head Emo. 


0.2626 

0.7396 

0.06SS 

0.03806 


At the boiler-pressure, 92.1 pounds absolute, we have 
f =• 888.4, 2 = 291.7* 

The steam used per stroke is 




548 


0.0742 pound. 


2 X 3692 

The steam caught in the clearance space at compression, on 
the assumption that the steam is then dry and saturated, is 
obtained by multiplying the mean volume at that point by the 
weight of one cubic foot of steam at the pressure at compression, 
which is 0.03781 of a pound. 

X 0.03781 = 0.0019 0^ ^ pound; 

^ 4. = 0.0742 + 0.0019 =• 0.0761 pound. 

The condensing water used per stroke is 

G - -^7^? — = I- 973 * 

2 X 3692 
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Q M (xr -h q) ~ 0.0743(0.98 X 888.3 + 391.8) « 86.243; 


X mf. 




. .. i ( 9 ,' 03 S 5 P +0.03806) I 

0 .TO 1 9 X 1 ( 1 8.344 + 1 I. 664 ) 6 a .4 XH 18 . 347 + 1 ^ 

^ i. 04 | 3 , 

This Indicnlcs llmt Ihc alcam Is superheated at admission. 
SucIj may be the ease, or the appeartince may be due to an 
error in the aaaumpiion of dry alcam at com]>rc8aion, or to errors 
of observation. It is convenient to aaaumc «. ■» i. 


K» + V. <r 

{M + MJ u^ «, ’ 


f «, A (0.33.13 + 0.3636) ^ I 

' 0*0761 X J (5.190 + S.307I ““ 63.4 X 1(5*190 + 5.207) 

«» 0.6336, 


JliijJiZi™, 


{M 4 M.) n. tt, ’ 


0.0761 X 1(13.934 +13.804) 63.4 Xl(l3.934 +I8.804) 

«S 5 0*7088* 

^ ( 9 o + *Va); 

/o’** 1 X o.ooig[aoi.5 + ai9*o + i.oo (877.4 + 863.9)] 

“ 3.054. 

/, •*» (M + Mj) (q, ■|^x,p^); 

“ 1 X 0.0761 [384.6 4“ 384.4 + 0.6336 (813.0 +813.3)] 
w” 60.338. 

/, ■« ( 3 / + M,) {<7, + A!^,); 

/, ««« 1 X 0.0761 [317.8+333.0 4*0.7088 (864.8 +861.8)] 

»" 63.311. 

A “ ^^o(<7, + .Vi)i 

It ■« 0.0019 (x8i.i 4* 893.3) » 3.04X. 




\'r=. 


: 






■m 
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I ’ Q« = 0 + ^0 - A - 

I /. Qa = 86.243 + 2.054 - 60.238 - i (3.369+3.711) = 24-519* 

Qi = 60.238 - 63.311 - i (3.877 + 4.159) = - 7.091. 

Q, = I^- h- Mqi - G (qt ~ q,) + AW,,‘, 

■ Qc - 63.311 “ 2.041 - 0.0742 X 109.3 

“ 1.973 (56*35 - 21.01) + i (1.836 + 1.847) 

= - 14.721. 

Qd = /j - h + AW.r, 

Qa =■ 2.041 - 2.054 + 4 (0.0299 + 0.1104) = 0.157. 

Q» + Qi. + Qe + = 2.764. 

Also, equation (171) for this case gives 
Qt-==Q - Mqi - G (7* - qd -*• AW 

<= 86.243 -8.110--69.723- (3.540 +4.018 — 1.841 — 0.070) 

= 86.243 - 8.1 10—69.723-5.647 = 2 .764. 

It is to be remembered that the heat lost by radiation and 
conduction per stroke, when estimated ih this manner, is affected 
by the accumulated errors of observation and computation, 
which may be a large part of the total value of Q^. 

Dropping superfluous significant figures, we have in b.t.u. 

Q = 86.2, Q« - 24.5, Qb=‘ ~ 7>i> 

Q, = - 14.7, Qa = .06, Qa = 2.8. 

Noting that 5.647 are the b.t.u. changed into work per stroke 
and 3692 the total revolutions the horse-power of the engine is 

778 X 5.647 X 3692 X 2 ^ ji p . 

; 60 X 33000 

and the steam per horse-power per hour is 

I 

= 33.5 pounds. 

For data and results of this test and others see Table IV. 
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Effect of Varying Cut-off. — An inspection of the interchanges 
of heat shows that the values of Qa, the heat absorbed by the 
walls during admission, increase regularly as the cut-off is 
lengthened, and that the heat returned during expansion decreases 
at the same time, so that there is a considerable increase in the 
value of the heat Q, which is rejected during exhaust. Never- 
theless there is a large gain in economy from restricting the 
cut-off so that it shall not come earlier than one-third stroke. 
Unfortunately tests on this engine with longer cut-off than one- 
third stroke have not been made, and consequently the poorer 
economy for long cut-off cannot be shown for this engine as for 
the engine of the Michigan. 

Hallauer’s Tests. — In Table V are given the results of a 
number of tests made by Hallauer on two engines, one built by 
Him having four flat gridiron valves, and the other a Corliss 
engine having a steam-jacket. Two tests were made on the 
former with saturated steam and six with superheated steam. 
Three tests were made on the latter with saturated steam and 
with steam supplied to the jackets. These tests have a historic 
interest, for though not the first to which Hirn’s analysis was 
applied, they are the most widely known, and brought about the 
acceptance of his method. They have also a great intrinsic 
value, as they exhibit the action of two different methods of 
ameliorating the effect of the action of the cylinder walls, namely, 
by the use of superheated steam and of the steam-jacket. In all 
these tests there was little compression, and Qdt the interchange 
of heat during compression, is ignored. 

Superheated Steam. — Steam from a boiler is usually slightly 
moist, X, the quality, being commonly 0.98 or 0.99. Some boilers, 
such as vertical boilers with tubes through the steam space, give 
steam which is somewhat superheated, that is, the steam has a 
temperature higher than that of saturated steam at the boiler- 
pressure. Strongly superheated steam is commonly obtained by 
passing moist steam from a boiler through a coil of pipe, or a 
system of piping, which is exposed to hot gases beyond the 
boiler. ^ 
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Superheated steam may yield a considerable amount of heat 
before it begins to condense; consequently where superheated 
steam is used in an engine a portion of the heat absorbed by the 
walls during admission is supplied by the superheat of the steam 
and less condensation of steam occurs. This is very evident in 
Dixwell’s tests given by Table XXV, on page 271, where the 
water in the cylinder at cut-off is reduced from 52.2 per cent to 
27,4 per cent, when the cut-off. is two- tenths of the stroke, by 
the use of superheated steam; with longer cut-off the effect is 
even greater. This reduction of condensation is accompanied 
by a very marked gain in economy. 

The way in which superheated steam diminishes the action 
of the cylinder walls and improves the economy of the engine is 
made clear by Hallauer's tests in Table V. A comparison of 
tests I and 3, having six expansions, shows that the heat Qg 
absorbed during admission is reduced from 28.3 to 22.4 per cent 
of the total heat supplied, and ttat the exhaust waste is corre- 
spondingly reduced from 21.6 to 12.3 per cent. A similar 
comparison of tests 2 and 5, having nearly four expansions, 
shows even more reduction of the action of the cylinder walls. 
The effect on the restoration of heat Qj during expansion appears 
to be contradictory: in one case there is more and in the other 
case less; It does not appear profitable to speculate on the 
meaning of this discrepancy, as it may be in part due to errors 
and is certainly affected by the' unequal degree of superheating 
in tests 3 and 5. It may be noted that the actual value of in 
calorics is nearly the same for tests i and 2, there being a small 
apjparent increase with the increase of cut-off, which is, however, 
less than the probable error of the tests. The exhaust waste Q* 
is much more irregular for tests 3 to 7 for superheated steam. 
The increase from 81 to 87 b.t.u. from test 6 to test 7 may 
properly he attributed to a less degree of superheating; the 
increase from 66 to 81 b.t.u. for tests 5 and 6 is due to longer 
cut-off and less superheating; finally, the steady reduction from 
75 to 66 B.T.U. for the three tests 3, 4, and 5 is probably due to 
the rise of temperature of the superheated steam, which more 



aaa influence of the cylinder walls 

than compensates for tlic effect of lengthening the cut-off, 
Finally in test 8 the exhaust waste is practically reduced to 
zero by the use of strongly superheated steam in a non-con- 
densing engine; this shows clearly that the exhaust waste by 
itself is no criterion of the value of a certain method of using 
steam. 

Stoam-Jacketa. — ■ If the walls of the cylinder of a steam- 
engine are made double, and if the apace between the walls is 
filled with steam, the cylinder is said to be steam-jacketed. 
Iloih barrel and heads may be jacketed, or the barrel only may 
have a jacket; less frequently the heads only arc jacketed. The 
principal effect of a steam-jacket is to supply heat during the 
vaporization of any water which may be condensed on the 
cylinder walls. The consequence is that more heat is returned 
to the steam during expansion and the walls arc hotter at the 
end of exhaust than would be the case for an unjacketed engine, 
This is evident from a comparison of tests i and ii in Table V, 
In lest I only a small part of the heat absorbed during admission 
is returned during expansion, and by far the larger part is wasted 
during exhaust. In test u the heat returned during expansion 
is equal to iwo-lhirds that absorbed during admission, though a 
part of this heat of course comes from the jacket. About half 
as much is wasted during exhaust as is absorbed during admission. 
The condensation of steam is thus reduced indirectly; that is, 
the chilling of the cylinder during expansion, and especially 
during exhaust, is in part prevented by the jacket, and conse- 
quently there is less initial condensation and less exhaust waste, 
and in general a gain In economy. The heat supplied during 
expansion, though it does some work, is first subjected to a 
loss of temperature In passing from the steam in the jacket to 
the cooler water on the walls of the cylinder, and such a non- 
rcvcrsiblc process is necessarily accompanied by a loss of effi- 
ciency. On the other hand, the heat supplied by a jacket during 
exhaust passes with tlie steam directly into the exhaust- pipe. 
It appears, then, that the direct effect of a steam-jacket is to 
waste heat; the indirect effect (drying and warming the cylinder) 
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educes the initial condensation and the exhaust waste and often 
jives a notable, gain in economy. 

Application to Multiple-expansion Engines. — The application 
)f Hirn's analysis to the high-pressure cylinder of a compound or 
nultiple-expansion engine may he made hy using equations 
(tS9)» Q-rid (162) for calculating Qai Qti and Qa> while 

jquation (174) may be used to find Qc - 
A similar set of equations may be written for the -next cylinder, 
whether it be the low-pressure cylinder of a compound engine 
or the interxnecliate cylinder of a triple engine, provided we can 
determine the value of Q', the heat supplied to that cylinder. 
But of the heat supplied to the high-pressure cylinder a part 
is changed into work, a part is radiated, and a part is rejected 
in the exhaust 'waste. The heat rejected is represented by 

Q +Qj~ AW (175) 

where Q is the heat supplied by the steam entering the cylinder, 
Qi is the heat supplied by the jacket, AW is the heat-equivalent 
of the work done in the cylinder, and Qt is the heat radiated. 
Suppose the steam from the high-pressure cylinder passes to an 
intermediate receiver, which by means of a tubular reheater or 
by other means supplies the heat while there is an. external 
radiation The heat supplied to the next cylinder is con- 
sequently • ^ ^ ^ + < 2 r - • • (^76) 

In a like manner we may find the heat Q" supplied to the 
next cylinder; for example, to the low-pressure cylinder of a 

triple engine. . . , . u 

It is clear that such an application of Hum s analysis can be 

made only when the several steam-jackets on the high- and the 
low-pressure bylinders, and the reheater of the receiver, etc., 
can be drained separately, so that the heat supplied to each 

may be determined individually. 

Tatle VI applications of Him ’s analysis to four tests 

on the experimental triple-expansion engine in the laboratory 
of the Massachusetts Institute of Technology. 
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ll will be noted that the steam in llic cylinders becomes drier 
in its course througli the engine, under the influence of thorough 
steam-jacketing with steam at boiler-pressure, and is practically 
dry at release in the low-pressure cylinder. All of the tests 
show superheating in the low-irressure cylinder, which is of 
course possible, for the steam in the jackets is at full boiler- 
pressure while the steam in the cylinder is below atmospheric 
pressure. The superheating was small in all cases — not more 
than would be accounted for by the errors of the tests. The 
exhaust waste Q," from the low-pressure cylinder in the triple- 
expansion tests is very small in all cases — less than two per cent 
of the heat supplied to the cylinders. Tire apparent absurdity of 
a positive value for Q" in two of the tests (indicating an absorp- 
tion of heat by the cylinder walls during exhaust) may properly 
be atlrilnitccl to the unavoidable errors of the test. 

In the fourth teal, when the engine was developing no.j 
Itorsc-powcr, lliere were 1305 pounds of steam supplied to iho 
cylinders in an hour, and 345 pounds to the slcam-jackotsj so 
that the steam per horse-power per hour passing through iho 
cylinders was 

1305 4- iao.3 10.86 pounds, 


while the condensation in lltc jackets was 


345 + 190.3 9.87 pounds, 


•So that, ns shown on page 145, the n.T.u. per horse-power per ’ j 
minute supplied to the cylinders by the entering steam was | 
igr.i, while the jackets supplied 40.6 ii.T.Br., making in all | 
331.7 n.T.u. per horse-power per minute for the hcnt-consumplioa | 
of the engine. In the same connection it was shown that the | 
thermal citicicncy of the engine for this teat was 0.183, while | 
the cfllrjicncy for incomplete expansion In a non-conducting I 
cylinder corresponding to the conditions of tlie lest was o.ais; j 
so that the engine was running wlili 0.894 of llto possible clhciency. | 
In light of this sailsfaclory conclusion some facts with regard to | 
the teat are inlcrcaling. ^ | 
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Table VI. 

^rrrATTON OF HIRN’S ANALYSIS TO THE EXPERIMENTAL 
IN THE LABORATORY OF THE MASSACHUSETTS 
SlTUTE OF TECHNOLOGY. 

TVEXPAN8IOMJ CYUNDKR DIAMETKUB, 0i 1®. AND 34 IKCHES i BTKOKE, 30 

INCriKS. 

7 Vrt«j. Ant. Sob. Mech. Eiigrs., vol. xil, p. 740 . 


Duration of leal, mlniitea • . > 
Total number of rovoUtliona . • 
Revoluliona per mlnulo ■ ; • • 
Sicam-conaumplipn dmlng tcati Bri 

Passing throufiHcylimlura . . 

Condensation in h.p. jnj-aol • 
in first rccclvcr-Jackct . . . 
in Inter, jacket . . . . • • 

in second rccoiver-Jacket . . 

in l.p. jnekpl 


60 

5338 

87.1 


’’H,. 


60 

5 m 8 

8 S-8 


Condensing water tor teat, U)». ■ « • 

Priming, by cnlprimctor 

Tcmpcrnlurea, I'nhromiell. I 

Condensed atoam . 

Condonslng-wnlcr, cold 

Condonsing-wnlor, hot . . . ■ • • 

Pressure ot the nlmoapbero, wy the 
baromolor, lbs. i»r aq. m. . ■ • • 
Boiler pressure, Iba. per aq. in. nl»ao- 
lute 

Vacuum In condonaor, Inclnwi ol mer- 
cury ^ * 

Evonlsof IhofllroKot 

Hiffh-pressuro cylliu or — 

Cut-off) crank end . . . » . 

head end » 

RclcasC) both cikIs . a . * • 
Compression, ernnk end « • ■ 
head end , • » . . a f • < 
Inlcrmecllalo cylinder -- 

Cut-off, lx>lh ends 

Release, 1 )oth ends . , * • » 
Compression, crank cn<l a « « 
head end ,»..***• 


aa 847 


a a 186 aoa44 

o.Qia 0.0x1 


aoasa 

I Os 01 a 


Low-prcsau^o cylliuler * 
Cut-off, crank end 
lioad end . . . 
Release, l>olh enda 




• •*'>, V>;, ^ I 
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Table VI —■ Conthmed. 


AkntiluU^ |irt*?iHiir(tH in lln? ryllntlrr, 
|Huin<l}i )>cr m\. Iiu: 
inuh 'prrjwnri? rylimlcr - 

Cnixulfi iTtink on<l 

hriul mil 

iTiink mtl 

hr in I mil 

Cnmiirr^lnit, t rnnk md . . . . 
hritil mil 

Ailinif^mii* t nink mil . . . . . 

hnul mil 

Inlrnntillmr l ylimlrr 

Tut cifTi I rniik md 

hmil mil 

Uvlcnsr, rrniik md 

hmd md 

CcinijirrH^Inni crunk md . » . , 
hrnd md ......... 

Admlimlun, crunk md 

hcnd md 

l^nV"|jircMuro cylinder " - 

crunk md 

hrml md 

Rrlpunc, t runk md ...... 

hmd md 

{V<in|irr)v¥tlMn itnd mhidiuilnn — 

I rank md ......... 

hniil md 

}lml'ri|iilvii!miis iif externid work, 
ti.T.U., fmm li rcKuwin ImKcttUir 
dingrniii let ]int:i pf nl^imdutcr vticuum 
High preajiuit? cyllmlrr -- 
bunng ndmi^lnni 

A Irii, rrank md 

hend and 

Hurlng cxpnnslcinf 

A In. r rnnk end 

hand and 

Pit ring cxhnui»{i 
A Il f* crunk md . , , . . 

hend md . 

During mmprai^liinf 
A lr,i« t rnnk md , . , . . 

hend mil 

InlermriUrtic cylinder 
During mhnUnloni 
A HV. t runk md ..... 

hand emi 

During axi»iinA{nn« 
vHr/, crank and « , , . . 

head end 


HS-<) 

H 5 d) 

138.8 

1*13.4 

1 * 13-1 

140.3 

•U-.’i 

*11.5 

44.7 


do -5 

4 S -7 


45-3 

48.5 

48.7 


S 4 -S 


68.8 

7a. a 

75 -.^ 

74*8 

86.7 

37 ‘-« 

37 ‘^ 

38,6 

.15 '« 

3 K ‘3 

39. <> 

13.6 

14.4 

14.7 

Ky*\ 

13. « 

14.9 

in, 3 
t7,i) 

\u 

18. a 
ao,3 

40 . *1 

40.8 

43 . a 

ji . 1 

44.8 

34^3 

14 . I 

14.6 

ia.,| 

14.0 

14.4 

13.1 

s-ft 


S'l 


S-8 

5*9 

. 1-7 


4.1 

*D 3 

4»5 

4.0 
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Table "Vl—^Contiwied. 


Intermediate cylinder — 

During cxhaustj 
AWt'i crank end 
head end . , 

During compression, 
crank ertd 
head end . , 

Low-pressure cylinder — 

During admission, 
crank end 
head end » . 

During expansion, 
crank end 
head end . , 

During exhaust, 
id crank end 
head end . ♦ 

During compression, 
crank end 

head end ; 

Quality of the steam in the cylinder. 
At admission and at comprcssioiii 
the steam was assumed to be dry 
and saturated: 

Kigh-pressure cylinder — 

At cut-off ...... 

At release 

Intermediate cylinder — 

At cut-off ..... 

At release ..... 
Low-pressure cylinder — 

At cut-off 

At release 

Interchanges of heat between the 
steam and the walls of the cylin- 
ders, in B. T. xj. Quantities 
affected by the positive sign are 
absorbed by the cylinder walls; 
quantities affected by the negative 
sign are yielded by the walls: 
High-pressure cylinder — 

Brought in by steam 
During admission . . 

During expansion ♦ . 

During exhaust . . . 

During compression . 

Supplied by jacket . 

Lost by radiation . . 

First intermediate receiver 
Supplied by jacket . ♦ Qr 
Lost by radiation . . . Qr* 


Q. 

Q. 

e- 

(?/ 


9.27 

9*47 

9*64 

9.27 

9*47 

10.18 

0*39 

0.43 

0.57 

0.60 

0.70 

0.78 

7*75 

7*99 

7*95 

8. 19 

S -33 

8.66 

6.83 

7.10 

6.86 

6.87 

7.12 

7*34 

5,08 

S‘08 

4.62 

5*08 

5*16 

4.81 

0,00 

0*00 

0.00 

0.00 

0.00 

0.00 



0.785 

*! 

0.8991 

• 

0,899 

X 3 ^ , 

0.994 

vv* 

0.078 


>)l !|i 


13^2*93 

23*54 

— 18.69 

- 8.36 
0.45 
4*S<^ 
1.50 

4*92 

0.58 


IL 


0.784 

0.903 


0.912 
% ♦ * 


4: ^ 

Ma ^ ^ 


130.77 

23.43 

— 19.28 

— 7.22 

4.08 
, 1.52 

ls8 


III. 


0. 848] 
0.92 

0.906] 

t Hi ^ 


* * 


0.^70 


141.II 

17.49 

-15*33 

- 3*50 

0.49 

2*39 

1.54 

5*<^7 

0.59 


rv. 


10.54 

ro.84 

0.46 

0.84 


8.97 

9*39 


S7 


5*09 

5.00 

0,00 

0,00 


0.87s 

0.931 

0.908 
^ Hi H 


0.974 

Hi 4 m 


149.84 

14*93 

—14*03. 

— 2,38 
0.52 
2.50 
1*54 

5*95 

0.59 


♦ Superheated. 



ill 
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I’ABLE VI ConiinmiU 


IiUoriuotll«ttt t yllntlcr - 
Bmviglu tri by mrnn 
During ftcimitisluit • ^ * 

l)uring cxjuinalon • * ' x*, ‘ ‘ 

During ttxbuunl . . ♦ » ^ * 

During oimprc^^ibut . . Q4 • 

Uin by rnilbiUnn , , . y# • • 

Sctiiml Inlermcaittlc m culver - 
Supiillftl bv jttikrl * • y^ ' 

by rft»ilifitl<»n * . v<n 
I^iw iirmiiri? i yllmlrr 

l«_ t... I..I 


IJr«>u«l« In l'.v meftMt 
DurliiK wlmlskalim . 


(J" 
0 /' 

During . « Kh 

During t?xbnu»l ^ * y*„ 

Ihirlng . . y* 

SupiilMby ' • * 


wiirk« 


hy ratlliiikui , 

Tolttl \tm by rnaitiUnn 
lly luvllmlnttry 
ily tHiMAllnri (171) « 

Vuwrr iifiti mjiinmy J 
Ikttl m|uiv»kni« *♦( 

Mrt^ki? ~ 

IL \\ i y\Mvr . * 

Intprni- ryllnapr< . 

I>, I*, tyllnarr 

^IVitnk , : ' 

Tnlftl hottl (urnlMiPil by Jrti keU 
Dlmrllniilon «f work - 

High"|irt?!fMiur» fylliwbr , , » * 

lmprrn(»aittie r:yli«a»r «.»- 
I^w |»rirMur«? tyllnupr • . 
llr»ri^‘»[>owrfr 

SiPAm |M?f 1LF» » ' 

M T.U. H.F' m\nm 

iTwiH bTiioiwI ilmt far tt?»i IV i>.T.u. per stroke aroj 

br.n,Khi in by llu- Hlwtm supplied in the hiKh-preasure cylindcri 
nnd limt a8.<is per stroke ivre »up|)lit‘d by the 8icam-jackct»i| 

and that, further, aq .73 «'T'U' 7”'''! f 'f“3 

arc radiated. Thus it ’appears that the ackcla furms hctl jlra| 

as much heal ns was required to do all the work J 

,hc heal furnished by the jackets somethmK more than a third 


1. 

IL 

111. 

IV. ^ ’'^1 

i.Ht) 

Ufj,6[ 

137. ft? 

146.64 

a.fia 

ft.fts 

n *74 

Ji -33 

•“"ao.io 


o.iia 


3.88 

3.0 ! 

0,<o ! 

0.»1A 

0‘S* 

0.6a 

(i.Hj 

hS<^ 

7'97 

8.^ i 

J .45 

a.*|H 

a. 50 

2.51 


4,04 

*1.37 

4.3a 1 

I. jp 

i,r 4 

1.33 

1.34 ■■ v,j 


i;^o.50 

» 38.61 

147.3^"'-!! 

5 >>*S 

.V «5 

S' 5^ 


u. 5 < 


” 8.65 

-10.13 1 



- 1.44 

oai'--:A 

0 »i%) 

0.00 

0.00 

0,« : : ; 

7. pH 

<'i.ao 

7.41 

7.14 . ; 

Asbl 

.1..10 

4 <45 


iC>,P 7 

10. ao 1 

10.31 

10.35 ; 

turn \ 

10. ti) 

f ^-75 

8.07 . ,; 

h,.m 

H..H 

M'l? 


7,rii 

S.O.'i 

7^77 

8,4a ? 


10.06 

10.87 

ii«? 9 ,.i 



37.81 

■I 

^ 7 - 5 ^ 

117. 

37.71 

«8,^s ■> 

1 rtm 

1 .PO 

1.00 

I.COW^i 

0.H4 


e.85 

0.8$ 1 

Kll 

ifti 

i.ig 


w.o 

|P 4«3 

ii 3 >^ 

m.3 ; .i 



U-QC 

> I 3 ^? 3 l^i 

1147 

Ht 


43 » 





QUALITY OF STEAM AT COMPRESSION 229 

was radiated; the other two-thirds may fairly be considered 
to have been changed into work, since the exhaust waste of the 
low-pressure cylinder was practically zero. 

Quality of Steam at Compression. — In all the work of this 
chapter the steam in the cylinder at compression has been con- 
sidered to be dry and saturated, and it has been asserted that 
little if any error can arise from this assumption. It is clear 
that some justification for such an assumption is needed, for a 
relatively large weight of water in the cylinder would occupy 
a small volume and might well be found adhering to the cylinder 
walls in the form of a film or in drops; such a weight of water 
would entirely change our calculations of the interchanges of 
heat. The only valid objection to Hirn’s analysis is directed 
against the assumption of dry steam at compression. Indeed, 
when the analysis was first presented some critics asserted that 
the assumption of a proper amount of water in the cylinder is 
all that is required to reduce the calculated interchanges of heat 
to zero. It is not difficult to refute such an assertion from 
almost any set of analyses, but unfortunately such a refutation 
cannot be made to show conclusively that there is little pr no 
water in the cylinder at compression; in every case it will show 
only that there must be a considerable interchange of heat. 

For the several tests on the Him engine given in Table V, 
Hallauer determined the amount of moisture in the steam in the 
exhaust-pipe, and found it to vary from 3 to 10 per cent. Professor 
Carpenter* says that the steam exhausted from the high-pressure 
cylinder of a compound engine showed 12 to 14 per cent of 
moisture. Numerous tests made in the laboratory of the 
Massachusetts Institute of Technology show there is never a 
large percentage of water in exhaust-steam. Finally, such a 
conclusion is evident from ordinary observation. Starting from 
this fact and assuming that the steam in the cylinder at com- 
pression is at least as dry as the steam in the exhaust-pipe, we 
are easily led to the conclusion that our assumption of dry steam 
is proper. Professor Carpenter reports also that a calorimeter 
'f Trans. Am, Soc. Mech. Engrs., vol. xii, p. 811. 
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test of steam drawn from the cylinder during comprii^i^ J 
showed little or no moisture. Nevertheless, there wouldvsl 5 Ujgi| 
remain some doubt whether the assumption of dry steam at; .; § 
compression is really justified, were we not so fortunate as b ^ 
have direct experimental knowledge of the fluctuations of tem- 
perature in the cylinder walls. ^ 

Dr. HaU’s Investigations. — For the purpose of study^ 4 || 
the temperatures of the cylinder walls Dr. E. H. Hall used ^ ^ 

thermo-electric couple, represented by Fig. 56. I is a 

iron plug about tbree-quiB . ;>i 
ters of an inch in diainct^g; | 
which could be scrcwed;ttiiti»;;|| 
the hole provided for attaehr : lij 
ing an indicator-cock bUhe" 
cylinder of a steam-engine. The inner end of the , plug::. ;? 
carried a thin cast-iron disk, which was assumed to act 
a part of the cylinder wall when the plug was in place. | 
study the temperature of the outside surface of the disk a nic|c,| ^ 
rod TV was soldered to it, making a thermo-electric coupb/ 
Wires from / and N led to another couple made by soldorip| 
together cast-iron and nickel, and this second couple was , 

in a bath of paraffine which could be maintained at any 
temperature. In the electric circuit formed by the wires 
the two thermo-electric couples there was placed a gaivanot^^^.. | 
^ I cim.it.br..te. The circuU-bmto ™. 
c"m on Iho crank-shaft, which could be set to ..ft at 
of the revolution. If the temperature of the outside of th« , 
JiLred from the temperature of the paraffine hath at tho^!|:5 
then contact was made by the cam, a current pas^ fthnm*:,: 

and was indicated by the galvanometer. 1^ progp 
mguX the temperature of the bath, the current 
reduced and made to cease, and then a thermometer m ** iXii? 

temperature at the surface of fte dA for 
^ the cam closed the electric circuit. Two P™"** 
steam-cycle were chosen for investigation, ono lmmedlat|y, 
after cut-off and the other immediately after compression. 
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they gave the means of investigating the heat absorbed during 
compression and admission of steam, and the heat given up 
during expansion and exhaust. 

Three different disks were used: the first one half a millimetre 
thick, the second one millimetre thick, and a third two milli- 
metres thick. From the fluctuations of temperature at these 
distances from the inside surface of the wall some idea could be 
obtained concerning the variations of temperature at the inner 
surface of the cylinder, and also how far the heating and cooling 
of the walls extended. 

The account given here is intended only to show the general 
idea of the method, and does not adequately indicate the labor 
difficulties of the investigation which involved many secondary 
investigations, such as the determination of the conductivity of 
nickel. Having shown conclusively that there is an energetic 
action of the walls of the cylinder, Dr, Hall was unable to continue 
his investigations. 

Callendar and Nicolson’s Investigations. — A very refined 
and complete investigation of the temperature of the cylinder 
walls and also of the steam in the cylinder was made by 
Callendar and Nicolson* in 1895 at the McGill University, 
by the thermo-electric method. 

The wall temperatures were determined by a thermo-electric 
couple of which the cylinder itself was one element and a wrought- 
iron wire was the other element. To make such a couple, the 
cylinder wall was drilled nearly through, and the wire was 
soldered to the bottom of the hole. Eight such couples were 
established in the cylinder-head, the thickness of the unbroken 
wall varying from o.oi of an inch to 0,64 of an inch. Four pairs 
of couples were established along the cylinder-barrel, one near 
the head, and the others at 4 inches, 6 inches, and 12 inches 
from the head. One of each pair of wall couples was bored to 
within 0.04 of an inch, and the other to 0.5 of an inch of the 
inside surface of the cylinder. Other couples were established 
along the side of the cylinder to study the flow of heat from the 
♦ Proceedings of the Inst. Civ, Engrs,, vol. cxxxii. 
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lu!tt(l Knviirtl llu' t vunk end. Tlu; lemiienvlurc oI the sieaii 
neiir the cylindi-r heuil wiw nuuisurcd liy a platinum thermometer 
eainilAc of inditaiinK i»trrci lly rapid tluclualions of Icmpcratute.' 

Tlur etiKine uswl fi'V inveHiiKatioiw was u high-speed 
engine, wiil» a Imlumetl slide valve eontrolled by a fly-wheel 
governor. During ll>e invesligalUms the cut-off was set at a 
fixed point (uIhiui one tifih stroke), and the speed was controlled 
exiernally. Hy aildition t»f a Hutnciciu amount of lap tp 
prevent die valve from lakutg -Meam at the crank end the engine ■ 
WHS made single at ling, 'flu- normal spewl of the engiaewas 
a^o revoUiiiotiH per minute, Imi «UirinK ilie investigations the speed;- 
was from -to m tp revoluiions per minute. The diameter of the 
I ylimler was 10.5 iiu hes and the stroke of the piston was ij, 
inches. The clearam e was ten per cent of the piston displaccmew; 

I'Tom the indit aior iliagrams an analysi.s, nearly equivalent to 
Hirn'a analvsis, showed the heat yielded to or taken from the, 
walls by dte steam; on the other hand the thermal measutomenb 
tfave an indU aiion of the heal gaineil l.y or yielded by the walls, 
The rs-suhs are given in the following lahlc; luul considering the 
difikulty of the investigation and the large allowance tor leakage, 
the concordance must he admitial to Im very saliataclory. 
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The Blatinum thermometer near the cylinder-haia Hhowi-d 

L! inc throughout compression, thus conf.rmmg our ujea 
superheating ih g ^ saturated at the 

TomwsTn. TIiL lhcrmom«r tell n.|.i.lly .luri,« 

° 1 cion and showed saturation practically up to cul-olT, as 
ofTurse it should; after cut-off it began again to show a lenv 
neraturc higher than that due to the Indicated pressure, which 
shows that the cylinder-head probably evaporated all the mois ure 
from its surface soon after cut-olT. K this conclusion m cone. 1. 
hc^e would appear to be little advantage from steum-jiu keiiiig 
a cylinder-head a conclusion which is borne out by tests on llu 
xperimental engine at the Massachusetts Institute of M echnology . 
ke following table gives the areas, temperatures, uii.l the be at 
absorbed during a given test by the various surfaces exposed to 
steam at the end of the stroke, i.c., the clearance surface. 

Tarix VIU. 

CYCLICAL HRA-r-AIISOKP’nON ROR OX AR ANCK SURFAC ES. 


Porilons ot aurfACfl connUUretli 


Cover face, 10,5 Inches flinmcler 
Cover side, 3.0 inches » < . • • 
Piston fftcc, 10,5 Inches cllamclcr. 

Piston side, 0,5 Inch 

Barrel side, 3.0 Inches 

Counlcrborc, 0.5 inch 

Ports and valves 


Ar«a 

of nurifictt, 
gqtiitrfi foili 

M«»n 

l«mp«rAUir»i 


0.60 



0.70 


70 

o, 6 q 



0. 11 

m 


0.71 

j ()7 


0. U 


o.go 

:m 


3*74 

301 



Sums and means 


The heat absorbed by the side of the cylinder wall uncovered 
by the piston up to 0.25 of the stroke was estimiiled to be 55 
B.T.u. per minute, which added to the above sum gives 585 ii.T.ti.; 
from which it appears that 90 per cent of the condensnilon is 
chargeable to the clearance surfaces, which were except ionnlly 
large for this type of engine. Further inspection shows ilml 
the condensation on the piston and the barrel la much more 
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energetic than on the cover or head. For example, the face of = : 
the piston absorbs no b.t.u., while the face of the cover absorbs £ 
only 68 b*t,u., and the sides of the cover and of the barrel, each 
3 inches long, absorb 79 and 123 b.t.u. respectively. This 
relatively small action of the surface of the head indicates in 
another form that less gain is to be anticipated from the appli- 
cation of a steam-jacket to the head than to the barrel o£ a 
steam-engine, : K I 

The exposed surfaces at the side of the cyUnder-head aij^J 
the corresponding side of the barrel are due to the use | 

deeply cored head which protrudes three inches into the counter^ ; v 
bore of the cylinder, and which has the steam-tight joint at | 

flange of the head. It would appear from this that a nolabib;: , ; 
reduction of condensation could be obtained by the simple expe^, ; ^ 

dient of making a thin cylinder-head. 

Leakage of Valves. — Preliminary tests when the engine 
at rest showed that the valve and piston were tight. The | 

was further tested by running it by an electric motor wheU: thts v ^ q 
piston was blocked, the stroke of the valve being regulated so S j 
that it did not quite open the port, whereupon it appeared lhatvx 
there was a perceptible but not an important leak past the valvc^" ^ 
into the cylinder. There was also found to be a small leakage ^ 
past the piston from the head to the crank end. 

But the most unexpected result was the large amount of leakage^ ; 
past the valve from the steam-chest into the exhaust. This 
determined by blocking up the ports with lead and running the ‘ v; 
valve in the normal manner by an electric motor, This lcak-:|: 
age appeared to be proportional to the difference of presswro >j|y 
causing the leak, and to be independent of the number of .j 
reciprocations of the valve per minute. From the tests 
made on the leakage to the exhaust, the leakage correction 
Table VII was estimated. Although the investigators concluded ; 
that their experimental rate of leakage was quite definite, it ;; 
Would appear that much of the discrepancy between the indicatcejL • | 
arid ealculated condensation and vaporization can be attributed i 
to this correction, which was two or three times as large as the ’ ] 
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weight ol steam passing through the cylinder. Under the most 
favorable condition (for the seventh test) the leakage wap 
0.0494 of a pound per stroke, and since there were 97 stroke? 
per minute, it amounted to , 

0.0494 X 97 X 60 — 287,5 

pounds per hour, or 32.6 pounds per horse-power per hour, so 
that the steam supplied per horse-power per hour amounted to 
56.4 pounds. If it be assumed that the horse-power is propor- 
tional to the number of revolutions, then, the engine running 
double-acting will develop about 44 horse-power, and the leak- 
age then would be reduced to 6.5 pounds per horse-power 
per hour. Such a leakage would have the effect of increas- 
ing the steam-consumption frpm 23.5 to 30 pounds of steam per 
horse-power per hour. 

To substantiate the conclusions just given concerning the 
leakage to the exhaust, the investigators made similar tests on 
the leakage of the valves of a quadruple- expansion engine, which 
had plain unbalanced slide-valves. The valves chosen were the 
largest and smallest; both were in good condition, the largest 
being absolutely tight when at rest. Allowing for the size and 
form of the valve and for the pressure, substantially identical 
results were obtained. 

The following provisional equation is proposed for calculat- 
ing the leakage to the exhaust for slide-valves 1 

leakage == 

where I is the lap and e is the perimeter of the valve, both in 
inches, and f is the pressure in pounds in the steam-chest m 
excess of the exhaust-pressure. The value of the constant 
in the above equation is 0.021 for the high-speed engine used by 
Callendar and Nicolson, and is 0.019 for one test each of the 
valves for the quadruple engine, while another test on the large 
valve gave o»o2i^ 
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This miiUiT of Ihc Icukage to the exhaust is worthy of furthw*. 
investigation. Sluiultl it l)e found to apply in general to slide- 
valve and iiiaton-vulvc engines it would go far towards explaining 
the superior economy of engines with separate admission- and 
exhaUHt-vnlves, and especially of engines with automatic drop- 
cut-off valves which tire practically at rest when dosed. It 
may be remarked that the excessive leakage for the engine 
ii|»pcara to be due to the size and form of valves. The 
valve was large so as to give a good port-opening when the cat-oli ? 
was shurlencd by tine fly-wheel governor, and was faced oil oii', 
hoih sidits so llmt it could slide between the valve-seat and a ' 
massive covcr-plale. The cover-i)hile was recessed oppositr 
the steam-ports, and tiiu valve was constructed so as to admit ' 
steam at holli faces | from one the steam passed directly into the 
cylinder, and from the other it passed into tlio cover-plate and ■ 
tlumcc into the steam-port. This type of valve has long been 
used on the Porler-Allcn and the Straight- line engines; the former, 
liowcvcr, luis scpamle steam- and exhaust-valves. Such a valve; 
iias a very long perimeter which accounts for the very large cffccti 
of the leakage. 

Callcndnr and Nicolson consider tliat the leakage is probably 
in live form of water whicli is formed by condensation of steani ' 
on live surface of tlie valvc-acul uncovered by the valve, and say 
further, that it is modinccl by the condition of lubrication of 
the valvo-senl, os oil hinders tlic leakage. 




CHAPTER XII. 


ECONOMY OF STEAM-ENGINES. 




In this chapter an attempt is made to give an idea of the 
economy to be expected from various types of steam-engines 
and the effects of the various means that are employed when 
the best performance is desired. 

Table X gives the economy of various types of engines, and 
represents the present state of the art of steam-engine construc- 
tion. It must be considered that in general the various engines 
for which results are given in the table were carefully worked up 
to their best performance when these tests were made. In 
ordinary service these engines under favorable conditions may 
consume five or ten per cent more steam or heat; under unfavor- 
able conditions the consumption may be half again or twice as 
much. 

All the examples in the table are taken from reliable tests ; a 
few of these tests arc stated at length in the chapter on the influ- 
ence of the cylinder walls ; others arc taken from various series 
of tests which will be quoted in connection with the discussion 
of the effects of such conditions as steam- jacketing and com- 
pounding; the remaining tests will be given here, together with 
some description of the engines on which the tests were made. 
These tables of details are to be consulted in case fuller informar 
tion concerning particular tests is desired. 

The first engine named in the table is at the Chestnut Hill 
pumping-station for the city of Boston. Its performance is 
the best known to the writer for engines using saturated steam. 
Some engines using superheated steam have a notably less steam- 
consumption; but the heat-consumption, which is a better criterion 
of engine performance for such tests, is little if any better. The 
first compound engine for which results are given, used 9.6 
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Table X. 

KXAMI'I,E.S tiK STEAM-ENGINE ECONOMY. 


lVp« d( Unftluci 


‘rriplt^M^xfmntUott niKinciir 

|HHHping( tMigJiic? n( Clic«nuu Hill 
SiiUrr inHlt^rngtnc nl Aii(Dii»urt{ , . . . , 
Kx|ii»rimarti«l vmUw ni ihts MaMwt huHrUrt 

liVistiuiit; Ilf I Vi hnolojtji^ 

MiiHim lorn 

AVlarliia migini;* XhUor 
Marine engine Hmikiiiw 


57fi n.a ao4 1.15 

*^33 n,3 ,.i5 


1^5 ^3*7 m o. 

13- 'I ... i.^lS 
hhm 15.0 2,01 

1*36 15,5 363 2 


Cc^mfKiuml englneii; 
IIurliKmial inlll’engine: 
fiU|irrUeatecl . . . , 


l^vlli I mm I ling engine ni l^milRvlile 
Mnrlim engine Kush , , . , t , » . 


Mftrinn engine Kush , , , 
Mnrine engine Fusl V^nmi 


*13 0.6 TC)9 

U7 n,8 313 

643 

ao6 18.4 ,,, a,4< 

371 31. a 2.66 


iSIrnpIe engine^i itimle lining: 

rMrll«v«i engine m C ‘rpu«#il fKj 

Dirlis^ii engine wUlunu Jneket 

Harrlai'CnrllM engine nl Clnelrmnll . . . 76 

Marine engine Galhfh 51 

Simple engines, ncm conclemting: 

Curllas engine m Crem^til fy\ 

Cnrllna engine wiihmu Jacket 61 

Uanrlu-Cnrliaa engine ni Clnclnnml . . * 76 


176 16,0 ■*• 
150 jH.i 
1-15 10.4 ■■■ 
iOo aa 


He rHn^CarUiia engine nt (he MnaanrhuNetlii 
Inglitute of Technology 


337 31. s 
aoQ 24. a ... 
no ... 


Dlrwrl-atiliig filettm«pum|>s : 

Flreimmp nt the MnMachuiimttH Inmliiitc 


Steiim^' ftntl feed "pump on the MhttwiipoKitl 



77 

16 33-5 

548 

*00 

-17 

.11 67 

UIO 

*50 

59 

C.8 t*5 

2070 

*1 1 


«.« i)i 

1 . . 

♦a, 6 

. . . 

I. 6 a-I 3 
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signed by Mr. E. D. Leavitt, has three vertical cylinders with their 
pistons connected to cranks at 120“. Each cylinder has four 
gridiron valves, each valve being actuated by its own cam on a 
common cam-shaft; the cut-off for the high-pressure cylinder is 
controlled by a governor. Steam-jackets are applied to the 
heads and barrels of each cylinder, and tubular reheaters are 
placed between the cylinders. Steam at boiler-pressure is sup- 
plied to all the jackets and to the tubular reheaters. 


Table XI. 

TRIPLE-EXPANSION LEAVITT PUMPING-ENGINE AT THE 
CHESTNUT HILL STATION, BOSTON, MASSACHUSETTS. 


eVLINDER DIAMETERS 13.7, 24 37 S» 39 INCHES; STROKE 6 EEET, 

By Professor E. F. Miller, Technology Quarterly, vol. ix, p. 72. 


Duration, hours . . 

Total expansion - • ' 

Revolutions per minute 

Steam-pressure above atmosphere, pounds per square inch . . , , . . 

Barometer, pounds per square inch . 

Vacuum in condenser, inches of mercury 

Pressure in high and intermediate jacket and rehcaters, pounds per 

square inch * . . . • ♦ * 

Pressure in low-pressure jacket, pounds per square inch 

Horse-power « . . 

Steam per horse-power per hour, pounds . . • , 

Thermal units per horse-power per minute 

Thermal efficiency of engine, per cent * , . . ^ . 

Efficiency for non-conducting engine, per cent 

Ratio of efficiencies, per cent 

Coal per horse -power per hour, pounds 

Duty per 1,000,000 

Efficiency of mechanism, per cent , . , , - 


24 

21 

50.6 
17s -7 

14.9 

27,25 

175^7 

99.6 

S 7 S *7 
11.2 
204.3 
20. S 
28.0 
74 

1.146 

141,855,000 

• 89-5 


The Sulzer engine at Augsburg has four cylinders in all, a high- 
pressure, an intermediate, and two low-pressure cylinders. The 
high-pressure cylinder and one low-pressure cylinder are in line, 
with their pistons on one continuous rod, and the intermediate 
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cylinder is nrrnnKctl in n .similiir way with the other low-pressure 
cylinder. The enKinii has two cranka at right angles, between 
which ia the (ly-wheel, grooved for rope-driving. Each cylinder 
has four douldc-acting iioppct- valves, actuated by eccentrics 
links, and levers from a valve-shaft. The admission-valves 
are coivlrolletl by the governors. Four tests were made on this 
engine, us recorded In Table Xll, 


TAni.K XO. I 

TRIIM.E-KXI'AN.SION nOUl’/ONTAI, MII.L-UNCilNK. i; 

rYWHl»l«;H HIAMlcrKWH TWO OK 51,^1 1NCUK«J 8TK0KK 78,^ i i 

lliiilli liy Sui^irKK of WlrUrrlhur, Zpiiuhrijt tin Dsuischtr U^enkmy j 

vnl. %\, |i, s^,|. J 



1 

n 

ni 

IV 

Uuriiiiuiit iiiiituirn 

30A 

333 

373 

an 

|st>r mlnMlt? 


56. 38 

56.18 

56.18 

Slrttm»|irpttaurp, |w»»iula |ier wju«rp in*ii . 

M 5-4 

r 47 0 

i,|8.,| 

140 .0 

Vmc uurn, Inthm rif mrreury 

37.34 

37,30 

37.30 

37.19 

. 

1H73 


1850 


Stenm \m iKinm^jKmur \m hour, iiouiuIr 

H < 5.1 

Ji, 4 () 

11.49 

n.33 

Me«n for four . . * . « » 





Coal [m hormr«|K>wtjr |K?r hour, [KHmd« , 

i-.U 


1.39 

1. 19 

Mean for four . * . . - 



8.0? 

9,63 

Sleam per iKiund of ami 

H, 7 R 

H.40 


Tlte test on the experimental engine at the Maaaachusclls | 
Jnslllule of Technology is quoted here because its efltcicncy ;| 
and economy arc chosen for discussion in Chapter VIII. Taking 
its performance ns a basis, It appears on page I118 that with 150' 
pounds bollcr-prcBSurc and 1.5 pounds absolute back-pressure 
such an engine may be expected to give a horse-power for 11.5 ,| 
pounds of steam, from which it appears that under the same | 
conditions its performance compares favorably with the Sulzcr 
engine or even the Le,avitt engine. j 
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Table XIII. 

MARINE^ENGINE TRIALS- 


By Professor Alexander B, W. Kennedy, Proc, liuil, Mech. Engrs,^ 1889-1892; 
summary by Professor H* T. Beare, 1894, p, 33. 


Trip3c or compound 

Diameter high-prcssure cyHndcr, inches 

Diameter intermedialo cylinder, inches 

Diameter low-pressure cylinder, inches ...... 

Stroke, inches 

Duration of trial, hours 

Number of expansions 

Revolutions per minute * ’ 

Steam-presaure above atmosphere, pounds per square 

inch ’ ' ‘ ‘ 

Pressure in condenser, absolute, pounds per square 

inch 

Back-pressure, absolute, pounds per square inch , , . 
Horse-power 

Steam per horse-power per hour, pounds 

Thermal units per horse-power per minute - . * . . 

Coal per horse-power per hour, pounds 

Steam evaporated per pound of coal 

Weight of machinery per horse-power, pounds . , , 




c. 


27.4 


50-3 

33 

, 14 

.6.1 
55. 6 

56.8 


3.8 

371 


21.2 

380 


2.66 

7.96 

603 


Colcbester. 

Ville de 
Bouvres. 

Meteor. 

»wioi 1 

C. 

C. 

T. 

T. 

30 


29.4 

21.9 


. r r 

44 

34 

57 

97.1 

70.1 

57 

36 

72 

48 

39 

10. 9 

9 

17 

16 

6.1 

5.7 

10. 6 

19.0 

86 

36 

71.8 

61. 1 

80*5 

105.8 

145.2 

165 

2.51 

4.72 

2.73 

0. 70 

3-4 

6.0 

3‘3 

1.8 

1022 

2977 

1994 

645 

21 , 7 

20,8 

15.0 

13.4 

398 

367 

265 

250 

2.9 

2.3 

2.01 

1*46 

7*49 

8.97 

7,46 

9*15 

448 

272 

^ 439 

1 701 


The engines of the S. S. Iona have an unusually large expansion 
and give a correspondingly good economy. The engines of the 
Meteor and of the Brookline give the usual economy to be 
expected from medium-sized marine engines. Table XUI 
gives details of tests on the engines of the first two ships 
mentioned, together with tests on compound marine engines. 
Table XIV gives tests on the engine of the Brookline. It 
appears probable that the relatively poor economy of marine 
engines compared with stationary engines is due to t e 
smaller degree of expansion, which is accepted to avoid using 
large and heavy engines. 
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Table XIV. 

TESTS ON THE ENGME OF THE S. S. BROOKLINE, 

CfyLINDEE DIAMETERS 23, 3$, AND 57 INCBIS; ST»01» 36 INCHES, 
By F. T. Millee and E. G. B. SasitiDAN, Tbetis, 1S95, M. 1 .T, 


Dwation, hours , . . 

Eevolutions j>er minute , 

Staam»pre8iure, pounds per wqu$m Inch above at* 

mosphere 

Vacuum, inches of mercury 

Horse-power 

Steam per horse-power per hour, pouncli . . . . 

Coal per horse-pcwer per hour, pounds 

B.T.u. per hor»e-f>ower per minute 


The horizontal mill-engine which heads the list of compound- 
engines in Table X, is a tandem engine for which particulars 
are given in Table XXVI on page 373. Its performance with 
superheated steam is the b^t among the engines named, and 
with saturated steam is a trifle superior to that of the Louisville 
en^ne. 

Table XV. 

COMPOUND LEAVITT PUMPING-ENQINE AT LOUISVILLE, 
KEaSTTUCKY. 

CVU^DBK DlAMKTEitS S,.* AND 54.I tNCKRI; RTXOKX 10 VBKT. 

By F* "Vif# l&EANj, lAwi* vol# Evi, p* 

Duration, hours .......................... 144 

Eev^utloni pr minuto 18. d 

Fressurti, pounds pet tquwe Inch: 

Baton»Mc .......................... 14.6 

Bolter above atoimphere . 140 

At engliw above atmwphaw 137 

Back-prtiiure, Ip. cylinder 0.05 

Total eapaniions to ' 

Moteture in steam* pet »nt 0.55 

Hotie-fjower 643.4 

Steam |>er horit-power per tatr, p«indi it.s 

B.T.U. |«r horM-power per minute m$ 

Hiermodynamic efficiency, per cent 19 

Mechankil efficiency, jw c^nt 93 

This engine has two cylinders, »ch jacketed with steam at 

boiler-pressure on barrels and heads, and steam at the same 

pressure is used in a tubular reheater. Each cylindw has four 

griditon valves actuated by as many cams on a cam-shaft. 




1 

11 

HI 

IV 

V 
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* 
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ai 

94.6 

93-6 

M-6 

93 

93 

*55 

t $$ 

IS 4 

H $ 

148 

ax. 6 

31,0 

133,3 

31 . 7 

30 . 9 

042 

taai 

*1136 

XX 37 

1X48 

17.3 

|0,0 
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17. 0 

X6.3 

3.33 

a. 17 
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2.00 
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3H8 

263 

aHB 

m 






automatic cut-off EN6XNES 


TABtS XVIL 

KNC.WKS of THF, U. & REVENUE STEAMERS RUSH AND 
i;.i IJ.ATIN. 

I K»h, I CiUlMtB. 


DiumPtefS e yliwkra, inthini *4 »nd 38 34. i 

Stroke, Inch*'* 

Dur»ttU, h.>«r* SS *4 

I- 

Vacuum, Inchest «f ine «^««7 **'S * 5 -* 

Total ®-» 4 .S 

Iluwe'pownr *w*5 »oo.S 

a<mm {»r h»»me-|ios«sBr per hour, iKwnm .... 18.4 *a 

The details o( thf twts on tht* U. S. Revenue Steamers Rush 
and GMutin are given in Table XVII, aa made about 1875 by 
a bwd of naval engineers to determine the advantages of com- 
pounding awl using steam-jacket*. Three other engines were 
tot^ at the same time, but they were of older types and are less 
interesting. 

A remarkably complete and important serf** of tests was made 
in 1884 by M. F. Delafond. These tests are recorded in Tables 
XXX and 10 CXI, from which th«re are quoted In Table X four 
rwulte with and without condensation and with and without 
steam in the jackets. 

* TA8I.R XVIII. 

!::: « . automatic cut-off engines. 

- CTUNOK* WAUlWlUt* iS STSOK* 4 r*W> 

• Wfj.w. muu 

I CMMiMriM. i ■ 
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The details of the tests on the Harris- Corliss engine at Cin- 
cinnati, together with tests on two similar engines, are given in 
Table XVIII. 

Table XIX. 

DUPLEX DIRECT-ACTING FIRE-PUMP AT THE MASSACHUSETTS 
INSTITUTE OF TECHNOLOGY. 

TWO STEAM-CmNDK*8 l6 tNCRKS WAMltTKK, IS IHaiKB 8TKOKK. 

Tmkmkgy vol. viii, p. 

L«.gth lAmgth st«». 

(rf Strok*. ol ormoir# 


Table XX. 

TESTS OF AUXILIARY STEAM MACHINERY OF THE U. S. S. 
UmNEAPOUS. 

By P. A. W* W. WWTi, U. 8. N., dm, Sm, Nami 

veil. K, 


Kfitte m pmp ttulttl. 


tellf 
Ml |Kiw«p 

. , . 

Sivmmm rSrwkttef-iwmps 
Etfiucid p«t«r .... 
«r*pwp . , , 
totwftir-immpt , , . , 
Wftl«*‘>iirviet pi«p . . . 
flfi* . . . 


K»-w« 


• Ow w»iW with mmm. 

t Pttiip toiiil w»h timm ii»f ih» pmm dtewfittpdl tlorfiii tiM, wh« sh^ «#b« 
IftdlaMl fmf H#* ' 
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The two tests on the direct-acting &re-pump at the 
Massachusetts Institute of Technology are talien from Table 
XIX, and the tests on the fetnl and fire-pump on the Minneapolis 
are given in Table XX. Both seta of testa show the extravagant 
consumption of sttfiim by such pumps when running at reduced 
powers. The latter table is most interesting on account of the 
light that it throws on the way that tml is consumed by a war- 
vessel when cruising at slow speeds or lying in harbor. 

Methods of Improving Economy. — • The least expensive type 
of en^ne to build is the simple non-condensing engine with slide- 
valve gear; this tyja* is now used only where economy is of little 
importance, or where simplicity is thought to be imperative. 
Starting with this as the most wasteful type of engine, improve- 
ments in economy may lie sought by one or more of the following 
devices; 

I. Increasing steam- prmure. 

a. Condensing. 

3. Inciting sixe. 

4. Bxpansbn. 

5. Compounding. 

d. Steam-jackets. 

7. Superheatbg. 

8. The binary engine. 

M invwtiptlon of the comiltions under which thaie various 
devices can be uswl to adwuitaf^, of the |^ln to be expect^, 
and of their limitations, is one of the mmt Interesting and impor- 
tant probiems for the engineer. For the student the proc«8 of 
such an investigation is even of more importance than the 
conclusions, because by it he may leant to form his own opinions 
and may take account of other tests as they may be presented. 

I The order chosen is to some extoat wWttary, and caimot be 
adhered to strictly, as the tests on whWi the invwti|^tion b 
ba.scd were made for various purpotw, ai^ ewnWnc the several 
devices in various manners. 

Of these ilev it es the finit two and the last are clearly methods 
of cxliitflifij.'; tht* t«mp«*ture»«nge, and are indicated dirretiy 
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by the ideas that have been presented in the general discussion 
of thennodynamics, and in particular by the adiabatic theory of 
the steam-engine; the fourth (expansion) may almost be included 
in this category as a means of making the extension of temperature- 
range effective. It has been seen that the necessity of making 
the cylinder of metal which is a good conductor and has an 
energetic action on the steam in the cylinder, interferes with our 
attempts to approach the efficiency that can be computed for 
non-condensing engines, and places limitations on the advantages 
to be gained by increasing the temperature-range. The other 
devices enumerated (increase of size, compounding, steam- 
jackets, and superheating) are various methods which have 
been applied to diminish the influence of the cylinder walls, 
and aOow us to take advantage of a large temperature-range. It 
appears at first sight that superheating should be included in 
the first category, as it clearly does increase the temperature- 
range between the steam-pipe and the exhaust-pipe of the engine, 
but the steam in the cylinder is seldom superheated at cut-off, 
and it is better to consider this device as a means of reducing 
cylinder condensation. 

It is interesting to consider that condensation, expansion, and 
steam-jackets were used by Watt for his earliest engines, and that 
he was limited in pressure by the condition of the art of engineer- 
ing, so that there was no occasion for compounding; his cylinders 
also had considerable size, though the powers of the engines 
would not now appear to be large. In the course of his develop- 
ment of the true steam-engine from the atmospheric engine, 
which had the steam condensed in the cylinder by spraying in 
water, Watt’s attention was especially directed to the influence 
of the cylinder walls; he also made experiments on the properties 
of saturated steam within the range of available pressures, and 
had such an appreciation of the conditions of his problem that 
little was left to his successors except to learn how to use the 
higher steam-pressures which the developments of metallurgy 
and machine-shop practice made possible. The fact that our 
theory of the steam-engine was developed after his time, and 
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fljat the theory has sometimes been misapplied, has given an 
wroneons opinion that the steam-engine has been developed 
without or in spite of thermodynamics. And further, his use of 
all the advantages then available has had a tendency to obscure 
their importance, and mak« it the more desiiable to state the 
several medioda catej^rically as given above. 

It is now commonly considered that the steam-engine has 
bewi brought to full development, and that there is little if any 
sutetantkl improvement to be expected; in fact, this condition 
was reached a decade or two ago, when the triple engine using 
Steam at 150 to 175 pounds by the gauge, was perfected. The 
most recent change b the use of superfatted steam at high 
jatsurt, now that effective and durable superheaters have 
been devised. Experiment and experience have settled fairly 
well the limitations for the various methods of improving economy 
and idlow of a fair and consermtlve presentation to which there 
wffl probably be few exceptions. We will, therefore, state the 
geneml conclusions as briefly a* may be, and give the teste on 
whkh they may be based. 

In order to bring out the advantage to be obtained by a ctartain 
device, such as compounding, we will compare only the best 
poformanc© of the simple engine with the best performance of 
tl» compound cn^e, each being given aU the advantages that 
k OMi use. The fact that marine compound engines have a 
wmie «»nomy than stationary simple-aagines, has no other 
mteutting for our present purpose, than that engines on sWp- 
board are 8ub|edt to unfavorable limitations. 

l^set of Ratsiiif Steam-PrsMure. — A glance at the table on 
page 148 whfch givw the efficiency for C«motb cycle, will show 
that If we begin with a bw stmm-prmure, there Is a large advan- 
tage from Increasing the pressure and consequently the tm- 
. p«teture*nin|^, but that this advantage becomes progiwively 
. iem marked. TWs condusten Is of course immedtetely evident 
from the eflSwIency for Carnot's cycle, wMch may be written 
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If If is taken to be lOO® F., and if ^ is made successively 200°, 
300®, and 400®, the values of the efficiency are o.i 5, 0.26, and 0.35. 
But the influence of the cylinder quickly puts a stop to this 
improvement unless we resort to compounding, as will be seen by 
studying Delafond’s tests in Table 3 QCI, page 250, and by 
Figs. 57 and 58 on pagis 353 and 353, in which the steam-con- 
sumption is plotted as ordinates on the fraction of the stroke at 
cut-off, each curve being lettered with the steam-pressure wMch 
was maintained while a series of tots was made. Fig. 57 rep- 
resents tots without steam in the jackets, and Fig. 58, tots with 
steam in the jackets. Those curves bearing the letter C were 
with condensation, an^ those bearing the letter iV were nom 
condensing. Inspection of Fig. 57 shows a progrmive reduc- 
tion in steam-consumption, as the pressure is increased from 
35 pounds by the piuge to 60 pounds for the condensing en^e 
without a steam-jacket, but raising the prmure from 60 pounds 
to 80 and 100 pounds gives a marked increase in steam-con- 
sumption. The same figure indicates that 100 pounds is protebly 
the limit for non-condensing, unjacketed engines. The curves 
on Fig. 58 are not quite K> conclusive; but we may from both 
figures give the following as the best pressura to be used with 
simple engine of good design and automatic valve-gear; 

DeskeM$ Pmsarw for Sim0e B^ngines. 

Condensing, witbjut storn- jackets, 60 iiounds pup. 

Condensing, with steam-jackets, 80 pounds pup. 

Non-condensing, wiBiout steam-jackets, too jiounds puge. 

Non-coaden^ng, vnth 8t»m-jackets, 135 jiounds page. 

Delafond’s Teste, t- I n 1883 an extensive and important 
investiption was made by Mens. F. Delafond on a horizontal 
Corliss engine at Creuaot to determine the conditions under 
which the best economy can be obtained for such an 
The engine had a steam-jacket on the l»rrcl, but was not jacketed 
on the ends. Steam was supplied to the jacket by a branch 
from the main steam-pipe, and the condenwKl water was dmtaed 
through a steam-trap into a can, so that the amount of steam 



DILAPOND’S TESTS 


used in the jacket could he detarmin«i. The eng^e was tested 
^th and without steam In the jacket, both condensing and non-: 
condensing, and at various pr«i8ur« from 35 to 100 pounds 


drawn either from a gttneral main steam-pipe or from a 


and end of the test the water in the 


prei^ure 


valves for controlling the steam-supply; the regularity and con 


AH the tests Iwth with and without a>ndenMtion, but during 
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58 represents tests with steam in the jackets and wit 
dfensation, at 50 pounds boiler-pressure. The absciss 
curves are the per cents of cut-off, and the ordinate 
steam-consumptions in pounds per horse-power per he 

Table XXI. 

HORIZONTAL CORLISS ENGINE AT CREUSOT 

CYLINDER DIAMETER 21. 65 INCHES; STROKE 43*31 INCHES; JAC 
BARREL only; CONDENSING. 

By F. Delaeond, Annales du MineSf 1884. 


Steam- 
pressure, 
pounds per 
sq. in. 


Revolu- 
tions per 
minute. 


Cut-off in 
per cent of 
stroke. 


Vacuum, 
inches of 
mercury. 


Duration, 

minutes. 


Number 
of test. 


60 

60.0 

105 

s 8-6 

75 

59.4 

36 

57.7 

73 

S8.8 

55 

61.5 














I ilmns p«r 

I 


Umm- 

poaiiAs ptf 
^*r« » A 


ii.wl 
lit ImMi 

pmmk%9 p&mm* 


'Etfdtai- Ciit*#t III 


M'ipNp 


are trato made with condensation for boUw-j^wsure of 8o ami 
lOo pounds per square inch. The forms of the curves 8oC 
and looC, Fig. 57, were made to conespond in a gencal way 
to' the curva 50C ami 60C. The discrepancies appar large 
on account of the iarge wale for ordinates, but they are not 
really of much importance; the largest deviation of a point from 
the curve looC is half a jaiund out of about as, wi&h anwunts 
to little more than two per cent. On Hg. 58 the curve 80C h 
cbiwQ through the points, but though Its fmrm dooi ntrt dfflor 
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radicaUy from the curvoi <ioC ami soC’, ho markwi a minin 
at so early a cut-off is at least doubtful. Comidwitig that 
probable error of deterrainiag power from the indiaitor k al 


twci ]^r cent, It woiilii not cUfficttlt to ilaw ah airrf^ptable 

curve b place of 8oC which shouid mrrcsjwiml t»> the forms of 
M: and soC. 

I he results of the four tests ocitle with .{(-.un in ilu* jacket 
ami with condensjittim, ami which arc nnaiin-r. ii s;, ri, y, ami 8, 
M XXtl| are repreaentotl by dots inskte of small (‘irclcs 




CONDENSATION 


t Fig. 58. It not appear worth wMe to try to draw a 
irve to represent these teats. 

Coadeiu&tion. — The complement of raising the steam-pressure 


fm. I*. 

i the use of a condenser with a good 'ractium. The admnta^ 
to be olrtainwl by this means can be detearmlned from Delafond’s 
tests by aM of Figs. 57 and $8; taking the b«t conditions as 
alreatly recordvti in iVble X, the engine wltlmut a jacket and 
without a vacuum mu-d 34.3 {Jounds of steam per horse-power 
per hour, and with a vacuum it used 18.1 potmds; with steam in 
the jackets the results were 31.5 and i6.p. A direct compariscm 
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of either pair of results would appear to give a saving of about 
25 per cent, which would be manifestly misleading. The results 
of brake tests for this engine on page 273, show that the mechan- 
ical efficiency when running non-condensing was 0.90, but that 
it was only 0.82 when running condensing. The steam per 
brake horse-power per .hour can be obtained by dividing the 
indicated steam by the mechanical efficiency, so that the above 
pairs of results became for the engine without steam in the jacket, 
non-condensing 26.9, and condensing 22.1, and for the engine 
with steam in the jacket, 23.9 and 20.6; so that the real gain 


Ihe gam from condensation will vary with the type of engine 
and the conditions of service, and may be estimated from ten 
to twenty per cent. Clearly the gain is greater with a good 
vacuum than with a poor vacuum. There is, however, another 
feature which should be considered, namely, the mean effective 
pressure; when the conditions of service are such that the mean 
effective pressure is large, the gain from condensation and the 
advantage of maintaining a good vacuum are not so great as 
when the mean effective pressure is small. This feature can 
be best illustrated with examples of triple-expansion engines, 
which are able to work advantageously with a large total expan- 
sion, and for them we may deal with the reduced mean effective 
pressure, meaning by that expression the result obtained by the 
following process: the mean effective pressure for the high- 
pressure cylinder is to be multiplied by the area of that piston 
and divided by the area of the low-pressure piston; the 



INCREASE OF SIZE 


^«ure for a pumpmg-engme or mill-engme may be as low as 
i8 poands pt^r square inch, and a difference of one inch of 
vacuum (or half a poimd of back-prassure) will be equivalent 
to n«»rly three per cent in the power; on the other hand, a naval 
engine is likely to have a reduc«i mean effecdve pressure of 
forty pounds per square inch, and compared with it a difference 
of one inch of vacuum is equivalent to a little more than one pw 
cent. In any case the gain in economy due to a small improve- 
approximately equal to the reduction in the 
the condenser, diidd^ by the reduced 


ment in vacuum is 
• absolute pr«9»ure in 
mean effective pressure. 

A very important matter is brought out in this discussion of 
the gain from condensation, namely, that the real gain is deter- 
by comimring the engine consumption for the net or 
brake horac-powers. The only reason for using the indicated 
power (as is m(»t commonly done) is that the brake-power is 
often difficult to detoroine and sometimes impossible. As 
i was pointed out on page 144, a true basis of comparison is the 
hoit-consumptbn of the engines compared to B.T.tJ. per toase- 
■: power per hour. But that quantity was n^ determined for the 
tests by Delafond, and since the comparisons are for two pairs 
of tests, one pair with and the other adthout jackets there is no 
objection to it to the caw* discuawd. 

I Increase of Slii. — Since the failure to attain the economy 
computai itx the non-conduettog engtoe is due mainly to the 
jMttion of the cylinder walls, and since the volume of the cyltoiw: 
are proportional to the cube of a linear dtowwlon, whUethe sur- 
face is only proportional to the ^uare, a advantage m^t 
be expected by simply tocrcasing the else of the Such 

an advantage Is imllcatiri by the compurisiM of the small Hands- 
Corliss engtoe at the Maiaachusctts Instltuts Technology with 
the Corifas engtoe at Creusot, the steam-consumption without 
condensation or steam. Jackets being 33.5 pounds and *4.* pounds 
1^ horse-poww p®r hour, and the gain from increase of 
iiis€ bting 

33. : 5 - Uii _ art. 

, , 33-5 
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In this case the larger engine has alx>ut twelve times the cylinder 
capacity of the smaller one. This fwiture appoins to depend on 
the absolute size of the engine, because, as will appear later, thm 
is little if any advantage in speed of rotation within the usual i 
limits of practice. 

But the advantage from increase of .size .s«x>n reaches a limit, 
as will be apparent from the conskleratton that the best results 
in Table X are for engines of moderate iwwer, judged by modern 
standards. These en^M have the advantages of compounding, 
and of the use of steam-jackets or superheated sttiam; the advan- 
tages from jacketing or superheating decrease with the size, 
and such devices are possibly of little advantage to massive 
engines. 

Expamdon. Thare are two limits to the amount of expansion 
that can be advantageously U8«i for a given engine: one limit .! 

imposed by the action of the cylinder wdls, and the other is 
imposed by the McUon of the en^ne. Simple cn^n^ have the 
most advantageous point of cut-off determined by the first Hmh, 
whmh can be dwiy determined by aid of Delafond’s experi- 
ments; compound and tripie-eximnsion engines so di\4de up 
the tempmrature-range that any deiirable expansion can he 
employed. The tenninal pressure at the end expansion for 
a stationarjr, trij^e, or compound engine may be made as low as ' 
five pounds al»diute; and as the Imck-juressure Is likely to be 
a pound or a pound and a half, so that the terminal efftxtivc 
prwure & three and a half or tour pounds, and as it tak« about 
two pounds pmr square Inch to drive the piston and connected 
parts, there is evidently little to be gained In wnomy by furtha: 
expansion. , 

As for simple engine an inspection of F%i. 57 n nd 58 on pages 
953 and 353 shows that the best point of cut-off tor non-conden- 
sing engines is one-third stroke, and for condetming engines about 
one sixth-stroke; if the engine has a steam-jacket, the cul-off 
may a Httie ^rlier than one-sixth stroke, but there probably 
is little advantage from such an increase of extmnsion if we deal 
with tlm net oit brake hone-power. , • 



COMPOUNDING 


The total expanaion for a compound or triple engine can be 
obtained in two ways; we may use a large ratio of the large 
cylinder to the small cylinder, or we may use a short cut-off for 
the high-pressure cylinder. The two methods may be illustrated 
by the two Leavitt engines mentioned in Table X; the ratio of 
the large to the small cylinder of the compound en^ne at 
l^ouisville* is* trifle k*^ than four, and the cut-off for the high- 
pressure cylinder is a little less than one-fifth stroke; on the 
other hand, the triple engine at Chestnut Hill has a little more 
t h«n eight for the extreme ratio of the cylinders, and has the 
cut-off for the high-pressure cylinder at a little more than four- 
fifths. So laige an extreme ratio as eight would not be con- 
venient for a ojmpound engine, but ratios of five or six have 
been used, though not with the best results. 

Marine engin« usually have comparatively little total expan- 
sion both for compound and for triple engines, and consequently 
sjre unable to work with an economy equal to that for stationary 
eng^nra; rite type of valve-g«r whkh the draigners feel constrained 
to use ft also little adapted to give the best results. There ft 
some quatbn whether there ft not room for improvement in 
both tbrae directions. 

Cftmpoattding. — The most efficacious method which has 
been devised to increase the amount of expansion of steam in, 
an engine, and at the same time to aimid excessive cylinder- 
: (»nd«M»tion, ft compounding; that ft, passing the steam in 
I succession through two or more cylinders of increasing size. 
An engine with two cylindera, a sum,!! or l^h-pressure cylinder 
and a large or low-pr«ure cylinder, ft called a compound 
t engiac. An engine with three cylindera, a hig^-pressure cylinder, 

; jto Inlerractiiate cylinder, and a low-pr««ure cylinder, ft caUed 
a trf0e-ex{mnsion engine. A quadruide engine has a high- 
pressure cylinder, a first an<i a second intermediate cylinder, 
and a low-prts»»ure cylinder. Any cylinder of a compound or 
jaultlpk*-ex|»ansion engine may b® duplicated, tluit ft, may be 
ri-pluced by two cylinders which are usually of the same size. 
Tims, at one time a comiwund engine with one high-pressure 
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and two low-pressure cylinders was much used for large steam- 
ships. Many triple engines have two low-pressure cylinders, 
which with the high-pressure and the intermediate cyhnders 
make four in all. Again, some triple engines have two high- 
pressure cylinders and two low-pressure cylinders and one 
intermediate cylinder, making five in all. 

Two questions arise; (i) Under whaf conditions should the 
several types- of engines be used? and (2) What gain can be ex- 
pected by using compound or triple expansion ? 

Neither question can be answered explicitly. 

From tests already discussed and for which the main results 
are given in Table X, it appears that with satmrated steam, the 
best results were attained with the following pressures: for triple 
engines about 175 pounds by the gauge, for compound engines 
145 pounds, and for simple engines with about 80 pounds, all 
for engines with condensation. Nearly as good results were 
obtained for a compound engine with 135 pounds pressure, 
and on the other hand the simple engine could use 100 pounds 
with equal advantage. The information concerning the simple 
engine is sufficient to serve as a reliable guide, but there is at 
least room for discretion concerning the best pressures for com- 
pound and triple engines. There will probably be little chance 
.of serious disappointment if the following table is used as a guide 
in designing migines, all being with condensation and with’ 
steam-jackets. / , 

Best Gauge-Pressures for Steam-Engines. 

Simple .................. 80 

Compound 140 

Triple 175 ' 

i'X If for any reason it is desired to use a higher or lower pressure 
V.’: in any case, a variation of 20 pounds either way may be assumed ' 
without much loss of efficiency,- this, however, cannot be stated 
"4 quantitatively at the present time. 

s For . non-condensing simple engines the pressure should 
prrferaUy be 100 pounds without a steam-jacket, and 121; 
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with a steam-jacket ; with an allowable variation of twenty 
pounds. For a non-condensing compound engine we may take 
M the prefetT^ pressure about 175 pounds, but our tests do not 
include this ca.se, and the figure is open to question. There is 
little, If any, occMion for using triple-expansion non-condensing 
enf|^n®<* 

About ten y«ai» ago an attempt was made to introduce quad- 
ruple-expansion engint», using steam at about 250 pounds for 
marine purjKvses in conjunction with water-tube boilers, which 
can rwlily be built for high-pressures; but more recent practice 
has been to adhere to triple engines even where the designer 
has chosen a high-pretaure for sake of developing a large power 
per ton of machinery, or for any other purpose. 

for convenience in trying to determine the gain from com- 
poumiinft the following supplementary table has been drawn off. 




pr mliiyte » * * * * ' 

* * • » 

mm pr pr hmt. iwamh . 

I JIIR pr pr mliniti . . * 


Gain from compoundb^, 

16.0 — 11*8 

■ ■ ■» 0.30. 

16.9 

Gain from using triple engine in place of simple engine, 


Gain from using triple engine in place of compound engine 


Corte ftl 


Trljj^e 

60 

84 

tt.g 

mf 

lAo 

to 

XI. S 

ailo 

50.6 

I 7 <S 

21 

II. t 

204 

Xrr. .- - - 
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Compound and triple engines have been found well adapted 
to marine work, where for various reasons a short cut-off cannot 
well he used. Taking the engines of the three ships mentioned 
in the following supplementary table to represent good practice, 
we can determine the gain from compounding. 


Simple 

Galatin. 


Compound 

Rush. 


Triple 

Meteor. 


Revolutions per minute 

Steam pressure by gauge 

Total expansion . . ..... 

Steam per horse-power per hour, pounds 


Gain from compounding, 


Gain from using triple engine instead of simple engine, 


Gain from using triple engine instead of compound engine, 


Two things are to be noted: first, that the total number of 
expansions is very moderate even for the triple engine; and, 
second, that the steam-consumption is correspondingly large 
as compared with that for stationary engines. 

A notable exception in marine practice is the engine of the 
Iona, which was relatively much larger than can commonly be 
placed in a steamer; it had the advantage of 165 pounds steam- 
pressure and 19 total expansions, and had a steam-consumption 
of only 13 pounds per horse-power per hour. 
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Propt'riy the comparison for finding the gain from compound- 
ing shouUl in; hasai on thermal units per horse-power per minute, 

' but the data for such a comparison are not given for all the 
*' engines, and as all the engines have steam-jackets, the comparison 
'i of steam-consumjJtions is not much in error. 

t ^eam-jnekets. — As has already been pointed out in the 
discussion of the influence of the cylinder walls, the beneficial 
action of a steam-jacket Is to dry out the cylinder during exhaust, 
without unduly reducing the tem{K*rature of the cylinder walls, 

' and thus check the condensation during admission. The steam- 
jacket does indeed supply some heat during expansion, but 
that effect is of secondary importance, and the heat is applied 
with a thermotlynamic disadvantage. The principal effect is 
thus to supply heat which is thrown out in the exhaust, which is 
aU lost in case of a simple engine; in case of a compound enpne 
the heat supplied by a jacket tiuring exhaust from the high- 

g ? * pressure cylinder is Intercepted by the low-pressure cylinder, 
J t ' and k not entirely lost. It would clearly be much more advan- 
to make the cyllndere of non-conducting material, if 
that were possible. A clear grasp of the true action of the 
I/' steam-jacket has a natural tendency to prejudice the mind 

' against that device, and this prejudice has in many cases been 

|l strengthemxl by the confusion that has come ftrom indiscriminate 

t, . comparison of many tests made to determine the advantage 

I'jS'’!, from the use of steam-jackets. 

There are two series of teats that appear to dispose of this 
question, — those by Delafond on the Corlm engine at Creusot, 
if % ^ and those made at the Massachusetts Institute of Technology 
Jj ': OR a triple-expansion exia*rimental engine; the former has akeady 

;ff|' i' been j^ven, and the latter will now be detailed; afterward the 
^ gnin from the use of the jacket will be dkcussed. 
tii Ekpeibmwatal Eaghie at the Massachusetm Institute of 
; twAnoU^. — This engine, which was aided to the equipment 
of the laljoratory of steam-englnwring of the Imtitute in 1890, 
y is specially arranged for giving instruetbn in making engine-testa. 
* ' It has three bortontal cylinders and two intermediate receivers, 
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the piping being so arranged that any cylinder may be used 


Cbmpoundi 
wltlxont jacket 


witMout jackets 


Triple, Jackets 
on [heads 


singly or ma y be combined with one or both of the other cylinders 
to form a compound or a triple engine. Each cylinder has 
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steam-jackets on the barrel and the heads, and steam may be 
supplied to any or all of these jackets at will. The steam con- 
densed in the jackets of any one of the cylinders is collected under 
pressure in a closed receptacle and measured. Originally the 
receivers were also provided with steam-jackets; now they are 
provided with tubular reheaters so divided that one-third, two- 
thirds, or all the surface of the reheaters can be used. The 
steam condensed in the reheaters is also collected and measured 
in a closed receptacle. 

The valve-gear is of the Corliss type with vacuum dash-pots 
which give a very sharp cut-off. The high-pressure and inter- 
mediate cylinders have only one eccentric and wrist-plate, and 


valves can be set to give a cut-off beyond halt stroke. Ihe 
governor is arranged to control the valves for any or all of the 
cylinders. Each cylinder has also a hand-gear for controlling 
its valves. For experimental purposes the governor is set to 
control only the high-pressure valve-gear, when the engine is 
running compound or triple-expansion. The hand-gear is 
used for adjusting the cut-off for the other cylinder or cylinders; 
usually the cut-off for such cylinder or cylinders is set to give a 
very small drop betweeR • the cylinders. This arrangement 
throws a very small duty on the governor, so that by th 
a large and heavy fly-wheel the engine can be made 
nearly identical indicator-diagranas for an entire test 
which the load and the steam-pressure are kept constant. 

The main dimensions of the engine are as follows: 

Diameter of the high-pressure cylinder 

“ “ iatermediate “ 

“ “ low-pressure “ 

“ “ piston-rods 

/..Stroke 


inches. 
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Clearance in per cent of the piston displacements: 

High-pressure cylinder, head end, 8.83; crank end, 9.76 

Intermediate 10.4 10.9 

Low-pressure ‘‘ 11.25 8.84 

Results of tests on the engine with the cylinders arranged in 
order to form a triple-expansion engine are given in Table 
XXIII, and are represented by the diagram Fig. 60 with the 
cut-off of the high-pressure cylinder for abscissae and with the 
consumptions of thermal units per horse-power per minute as 
ordinates. 

The most important investigation which has been made on 
this engine is of the advantage to be obtained from the use of 
steam in the jackets. Four series of tests were made for this 
purpose: (i) with steam in all the jackets of the cylinders and 
receivers, (2) with steam in the jackets of the cylinders, both 
heads and barrels, (3) with steam in the jackets on the heads of 
the cylinders only, and (4) without steam in any of the jackets. 

The most economical method of running the engine was with 
steam in all the jackets on the cylinders, but without steam in 
the receiver-jackets, as shown by the lowest curve on Fig. 59. 
There is a small but distinct disadvantage from using steam in 
the receiver-jackets also. This fact could not be surely deter- 
mined from any pair of tests, for the difference is not more than 
two per cent, and is therefore not more than the probable error 
for such a pair of tests, but. a comparison of the two curves on 
Fig. 59, representing tests under the two conditions, gives con- 
clusive evidence with regard to this point. It may not be im- 
proper in this connection to call attention to the three points 
below the lowest curve and not connected with it; they represent 
tests which were made after the nine tests represented by points 
joined to the curve, and when some additional non-conducting 
covering had been applied to the piping and valves of the engine. 
Here the slight gain from reduced radiation is made manifest, 
though it is too small to be taken into account in making com- 
parisons of the different conditions of running the engine. 





IXPEKIMENTAL ENGINE 


TABtK xxin 


triple-kxpansion experimental engine at the MASSA. 
CHUSETTS INSTITUTE OF TECHNOLOGY. 

Tram. Am. Sm. MmH. Emgi., i8«i-i8q4! Ttekmohgy Qmar^ly, 1896. 
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Table XXIV gives tests matle tin this engine without steam 
in the jackets and wilh steam supjdietl to the tubular reheaters; 
the results of these tests will be discussetl later. 


TABI.K XXIV, 
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Oidn ftom St«im-J*cWt. — Much of the diflerenct* of opinion 
conamtog the admotage to be derived from the use of steam- 
jackets is to be ascribed to iwlisrriminate comimrison of tests 
on mriotM ani^aes, or to the failure to obtain any ativantage 
ftom jacketo whfcb were not applied with discrimination. Should 
any engine when properly tested anil computcil, show no advan- 
tage from the use of a stmm-jackid, It wilt be lietter to omit 
that device in future construetbn* for the >«ime conditions 
note there are constructive imions for rctai.nlng it. : x 

In order to obtain definite conclusbmi from tests made to 
determine tk advantage of the use of steam-jackets, such tests 
idaould be made in definite serire in which only one projierty k 
varied at a tlnre. and from these tests the In^st rmilts under 



GAIN FROM STEAM-JACKETS 


the most favorable ct)H(iition.s should be chosen when the engine 
has steam in the jackets, anti in like manner the best result 
without steam in the jackets should be selected; a comimrison 
of two such selected tests has more weight than a haphazard 
comjKirison of imlivklual tests, however great the number of 


such a comparison. The tests selected are those given in 


Thus the best result witli steam in the jacket and with conden- 
sation is 16.9 {loumls, and without steam in the jacket is 18.1; 
the gain is 

18.1 - 16.0 

18. 1 ' 

Without condensation the tot results arc 31.5 with steam in 


the steam in the boiler. The drip from the 
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These heat-consumptions correspond to 13.8 and 15.8 pounds 
of steam i>er horse-power jjer hour, so that on the basis of steam- 
consumption the gain from the use of steam in the jackets would 
ai>i)ear to be only 9 per cent, Instead of the actual gain of 15 p® 
cent. 'I'his large difference is due to the Itirge percentage of 
steam used in the jackets, amounting in all to 17 or 18 per cent 
of tl»e lota! steam-consumption. The steam used in an indi- 
vuliud jac ket is, however, not excessive, being about 3,5 [w cent 
in the jackets of the high-pressure cylinder and 7 or 8 {ter cent in 
the jackets of each of the other two cylinders. 

The effect of jacketing the heads of the cylinders only is 
.suri»risingly small, as from the diagram the best result a 36$ 
B.T.it. per horae-power {ht minute, which comijared with the 
be.st rc-sult without steam in any of the jat;kets gives a gain 
only 

X too -■ 4 per cent. 


'I'he cornspondence between this result and the experiments by 
(’allentkir and Nicolson on the action of the cylinder mlb, 
hii.s already been pointed out. 

From the t«t8 just discuss^ and compared It apiiears con* 
servativf to say that about ten per cent can be gained by using 
steam -jat kets on simple and compound engines ami that fifteen 
jM'f t cni (;an be gained by their use on triple ex|»ansbn engines; 
provided that th^ oonclusbns shaft not iK> applied to engines of 
more tlian 300 horae-power. The saving on massive endues 
of 1000 horae-power or more is likely to Ik> smaller, and vety 
large engine* may derive no benefit fn»m steam-jacket*. On 
the other hand, a saving of a$ per cent may t«* obtained from 
ja< kets on small enginei of five or ten hor*w-{a»wiT. Such trivial 
engines are never provided with Jackets unless for cxiwrlmtmtel 
pur(ioses, and the results of such exfjeriments are of Httb value. 

Intermediate Reheatera. — Many comiumnd and triple- 
expansion engines have sonu! method of reheating the steam 
on its way from one cylinder to another. Ntrtable esjtmplra 
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are the Leavitt pumping-engines, for which results are given in 
Table X. The fact that these engines give the best economies 
recorded for engines using saturated steam lead to the inference 
that such reheaters may be used to advantage. The only direct 
evidence, however, is not so favorable, for, as has been pointed 
out on page 264, there was found a small but distinct disadvantage 
from using steam in double walls or jackets on the intermediate 
receivers of the experimental engine at the Massachusetts Institute 
of Technology. It appears that this engine gives the best 
economy when steam is supplied to the jackets on the cylinders 
and not to the jackets on the reheaters, and, further, that^when 
steam is used in the receiver- jackets the steam in the low- 
pressure cylinder shows signs of superheating, which may be 
considered to indicate that the use of the steam-jacket is carried 
too far. 

After the tests referred to were finished the engine was fur- 
nished with reheaters made of corrugated-copper tubing, so 
arranged that one-third, two-thirds, or all of the reheating-surface 
can be used, when desired. Table XXIV, page 266, gives the 
results of tests made on the engine with and without steam in 
the reheaters; in these tests the entire reheating-surface was used 
when steam was supplied to a reheater. 

For some reason the heat-consumption when no steam was 
used in the reheaters is somewhat greater than that given in 
Table XXIV for the engine without steam in any of the 
jackets; the difference, however, is not more than two or two 
and a half per cent and cannot be considered of much importance. 
It is clear from the table that there is advantage from using one 
reheater, and still more from using two. If the heat-consumption 
for the engine without steam in the jackets and without steam 
in the reheaters (taken from Table XXIV) is assumed to be 
nfr A -D nn TT minntft- then the ffain from using the reheaters 
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which is scarcely more than half the gain from using steam in 
the jackets. These tests cannot be considered conclusive, as 
they are too few and refer only to one engine. 

Superheating. — The most direct and effective way of reducing 
the interference of the cylinder walls and of improving steam- 
engine economy is by the use of superheated steam. About 
1863-64 a number of naval vessels were supplied with super- 
heaters by Chief Engineer Isherwood, and when tested by him 
showed a marked advantage which led to the adoption of super- 
heated steam for stationary and marine practice both in America 
and in Europe. But the superheaters which were exposed to 
dry steam on one side and to the flue gases on the other, rapidly 
deteriorated, and after an experience lasting ten or fifteen years 
the use of superheated steam was abandoned in favor of com- 
pound and triple engines with high-pressure steam. 

More recently improved forms of superheaters have been 
introduced in Great* Britain and Germany, which show good 
endurance, and superheated steam appears to have been used 
successfully for sufficient times to warrant the conclusion that 
the application of superheated steam has been accomplished. 
Two series of tests will be discussed, namely, some early tests 
on a simple engine, and some recent tests on compound engines. 
There appears to 'be no reason for extending the application of 
superheated steam to triple engines. 

Dixwell^s Tests. — A small Harris- Corliss engine was fitted 
up for making tests on superheated steam at the Massachusetts 
Institute of Technology by Mr. George B. Dixwell. Six tests 
with superheated and saturated steam were made on this engine 
in 1877 in the presence of a board of engineers of the United 
States Navy. 
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DIXWELL’S TESTS ON SUPERHEATED STEAM, 


Proceedings of the Society of Arts, Mass. Inst, Tech,, 1887-88. 


Saturated Steam. 


Duration, minutes 

Cut-off 

Revolutions per minute 

Boiler-pressure above atmosphere, pounds 

per square inch 

Back-pressure, absolute, pounds per sq. in. 
Temperatures Fahrenheit: 

Near engine 

In cylinder by pyrometer 

Per cent of water in cylinder: 

At cut-off 

At end of stroke 

Horse-power 

Steam per horse-power per hour, pounds, 
B.T.U. per horse-power per minute. . . 


A metallic thermometer or pyrometer was placed in a recess 
in the head of the cylinder. When saturated steam was used 
this pyrometer showed a large fluctuation, but when superheated 
steam was used its needle or indicator was at rest. Even if a 
part of the apparent change of temperature with saturated steam 
is attributed to the vibration of the needle and the multiplying 
mechanism, it is very clear that the use of superheated steam 
reduces the change of temperature of the cylinder-head in a 
remarkable manner. The effect of superheating on the action 
of the cylinder walls is also indicated by the per cent of water 
in the cylinder at cut-off and release. ^ 

■ The apparent gain by comparing the amounts of steam used 
per horse-power per hour in favor of superheated steam is but 


this result is of course misleading, since the superheating required 
additional coal. As the coal-consumption was not determined, 
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we must compare instead the b.t.u. per horse-power per minute, 
giving a real gain of 


This same Harris-Corliss engine afterwards showed a heat- 
consumption of 548 B.T.U. per horse-power per minute when 
supplied with saturated steam at 77 pounds pressure, which shows 
why the earlier attempts at the use of superheated steam were 
so easily set aside when it was found expedient to raise the steam- 
pressure. 

Though we have no tests with high-pressure steam and with 
condensation on engines of two or three hundred horse-power, 
it is probable that a very material saving could be made by the 
use of superheated steam under such conditions; if the saving in 
heat were as much as fifteen per cent, it would reduce the steam- 
consumption to a larger degree, perhaps by twenty per cent, 
and would be likely to give from 14.5 to 15 pounds of superheated . 
steam per horse-power per hour. 

The best results obtained from the application of superheated 
steam in compound engines are reported by Professor Schrdter, 
in Table XXVI, for a tandem-engine with poppet-valves 
built in Ghent. Five tests were made with varying cut-off and 
with saturated steam, and five others also with varying cut-off 
and with steam that was superheated about 250° F., the absolute 
initial pressure in the cylinder being about 145 pounds, so that 
the boiler-pressure was probably between 130 and 135 pounds by 
the gauge*. 

This engine gave a remarkable economy both with saturated 
steam and with superheated steam, its steam and heat-consump- 
tion being only five per cent more than that of the triple-expansion 
Leavitt engine recorded in Table X. The gain from using 
superheated steam appears to be 
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which places It a little iK'yoncl the performance of the triple 
engine mentioned. But since the uncertainty of the determina- 
tion of power by the indicator is probably two {>er cent, we may 
rmsonably conclude that the effect of using superheated slcanx 
in a compound engine is to place it on a level with a triple 
engine, an^i the <|ueation is to be decided in practice by the 
relativt: expense and tnuihie of supplying and using a superheater 
instcati of a third cylinder and higher steam- pressure. 

It is somewhat remarkable that steam was supplied to the 
jackets during the 8U|KTheating twts, but not at all surpris- 
ing that for those tests the jackets had a small effect, as is 
made evklent by noting the jHircetitages of steam condensed in 
them. 


Table XXVI 


COMPOUND KORIMNTAL MIU.-ENOINF.. 

CWNDXK OtAMtCTRItS liS AMR niORKSi ST80KK INCUn. 

By PrttMsor M. SCBsbTRK, MUhUimgm FmrmhmtmrMtmt 
Mtft 19, 1904. 
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Cat»ofl and Expamdon. — It hu atrei^y been pointer! out on 
pa^ 356 in ronn«tbn with I>ekfond*» tot* that the lK»t i>oint 
of cut-off for a simple engine, whether jacketed or not, is about 
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one-third stroke when the engine is non-condensing, and it is 
about one-sixth stroke when condensing. In general, other 
tests on simple engines .such a.s those on the Gallatin, and on 
the small Corliss engine at the Massachusetts Institute of 
Technology, confirm these conclusions. 

The term M(ti expansim for a comjKJund tir si triple engme 
can projjerly have only a conventional significance; it is usually 
taken to be the product of the ratio of the large to the smafi 
cylinder by the reciprocal of the fraction of the stroke at cut-off 
for the high-pressure cylinder. This conventional total expan- 
sion is alwut 30 for all the tests on triple engines quoted in Table 
X, except those on marine engines, which show a relatively 
{Kior economy. It may therefore Ik; concluded that it is not 
advisable to use much more eximn.sion for any triple engine, 
and that Im expansion should be used only when the condi- 
tions of service (for example, at sea) prevent the use of large 
expansion. 

The stationary compound engines given in Table X also 
have about ao expansions, and expt*rience shows conclusively 
that for highest economy such a degree of expansion is re- 
quired. In practice somewhat less may frequently be found 
advisable. 

Variation of tmA, — In general, an engine ahould be so 
designed that It may give a fair economy for a considerable 
range of load or power. Very commonly the engine will have 
sufficient range of t»wer with gtxxl economy if designed to give 
the best economy at the normal kmd. In general, however, 
it is well to assign a Im expansion and consequently a longer 
cut-off to the engine than would l>e determimil from a con- 
sideration of the steam- (or h«it-) consumjrtlon alone. For, 
in the fust place, the best brake or dynamic economy is always 
attidned for a little longer cut-off than that which gives the 
best indicated economy, and in the second place the wonomy 
is law affected by lengthening than by shortening the cut-off. 
The first com« from the fact that the frictbnal lowcs of the 
engine increase let® rapidly than the lanver, as will be shown 
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the next chapter; and the second is evident from consideration 
curves of stcam-consumption as given by Fig. 59, page 26a, 

and Fi^. 57 S 8 , 352-253- 

The allowable range of power for a simple engine is greater 
than for a compoumi or a triple engine. Comparisons for a 
simple an<l a triple engine may be made by aid of Figs. 58 and 
59. The Corliss engine at Creusot when supplied with steam 
at 60 pounds pressure, with condensation and with steam in 
the jacket, develoiwd 150 horse-power and used 17.3 pounds 
of 8t«ini. F’^ horse-power per hour. If the increase be limited 
to 10 per cent of the bast economy, that is, to 19 pounds per 
horse-power per hour, the horse-power may be reduced to about 
02, giving a ntluction of nearly 40 per cent from the normal 
power. The triple engine at the Massachusetts Institute of 
Technology with steam at 150 pounds pressure and using steam 
k all the cylinder- jackets developed 140 horse-power and used 
333 B.T.u. per horee-power per minute. Again, limiting the 
kcrewed consumption to 10 per cent or to 354 b.t.u., the power 
may be reduced to alx)ut 104 horee-power, giving a reduction of 
a6 per cent from the normal power. The effect of increasing 
power for these engines cannot he well shown from the tests 
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cylinder is fixed, is likely to have a loop on the low-pressure 
indicator-diagram due to expansion below the atmosphere, if 
the power is reduced by shortening the cut-off of the high-pressure 
cylinder. Such a loop is always accompanied by a large loss of 
economy; if the loop is large the engine may be more wasteful 
than a simple engine, for the high-pressure piston develops 
nearly all the power and may have to drag the low-pressure 
piston, which is then worse than useless. 

There is seldom much difficulty in running a simple engine at 
any desired reduced power by shortening the cut-off or reducing 
the steam-pressure, or by a combination of the two methods. 
But a compound engine sometimes gives trouble when run at 
very low power (even when attention is given to the cut-off of 
the low-pressure cylinder), which usually takes the form just 
discussed; i.e., the power is developed mainly in the high-pressure 
cylinder. Triple engines are even more troublesome in this 
way. A compound or triple engine running at much reduced 
power is subject not only to loss of economy and to irregular 
action, but the inside surface of the low-pressure cylinder is 
liable to be cut or abraded. 

Automatic and Throttle Engines. — The power of an engine 
may be regulated by (i) controlling the steam- pressure, or (2) 
by adjusting the cut-off. Usually these two methods are used 
separately, but in some instances they are used in combination. 
Thus a locomotive-driver may reduce the power of his engine 
either by shortening the cut-off or by partially closing the throttle- 
valve, or he may do both at once. Stationary engines are usually 
run at a fixed speed and are controlled by mechanical governors, 
which commonly consist of revolving weights that are urged 
away from the axis of revolution by centrifugal force and are 
restrained by the attraction of gravity or by the tension of 
springs. 

The earliest and simplest steani-engine governor, invented by 
Watt, has a pair of revolving pendulums (balls on the ends of 
rods that are hinged to a vertical spindle at their upper ends) 
which are urged out by centrifugal force and are drawn down 
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by {(ravity. Wlaai l!u' i-ufjinc is running stwuiily at a given 
speed tlie fuives aeting mi tlie governor are in eijuililirium and 
the lialls revolve in a eertain horizontal plane. If the load on 
the engine is redueed the engine speeels up and the halls move 
outward and upwani until a new position of eipiilihrium is 
found witli the halls revolving in a higher horizontal plane. 
Through a [iroper system of links and levers the upward motion 
of the halls is made to partially dose a throttle-valve in the pipe 
which supplies steam to the engine and thus adjusts the work of 
the engine to the load. 

Shaft governors have large revolving weights whose centrifugal 
forces tire halamed hy strong springs. They are powerful 
enough to control the distrihution or the cut (ilT valve of the 
engine, width, however, must he littlaneed so thtit it nitiy move 
easily. 

Aulonitdit engines, like the t'orlks engines, have four valves, 
two for admissittn anti two for eshaust of steam. 'I'he admission, 
release, and «(imi»ression are lixetl, hut the eiit tiff is eontrolled 
by the governor. Tsiitdly an adtnissitm valve is attaehed to the 
actuating rnethatdsm liy a lal* Ii or similar ilevice, which can he 
opened by the governor, and then the valve is closetl hy gravity 
by a spring, or hv stnne tsther inde|H*!uient tleviee. 'I'he oUke 
of the governor is to tttnfrol the position of :i stop agtunst 
which the latt h strikes am! l»y widt h it is openetl tti release the 
valve. 

Corlks anti other antotnatii etiglnes have king had a deserved 
reputation for ettniomy, widt h is eommonly atlrihuled to their 
method of n-gulaiton. It is true that the valve gears tif .sueh 
engine.s are adapted tti give an early cut tiff, which is one of the 
elements of the tlesign «»f an et iimimual simple engine, hut their 
advantage over stiine other etiglnes is to Ik- largely attrihuled 
to the small rleaniiue whit h the use tif four valves makes con- 
venient, anti to the fat l that the exhaust-steam is led immetiiately 
away from the engine, without having a t hanct* to uhstraet heat 
after it leaves the tylinder. 'rUese engines alsti are free from 
the loss whieli Callendar and N’ii olson atlrihute to tiirect leakage 
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from the steam, to the exhaust side of slide-valves, and to valves 
of similar construction. 

Every steam-engine, should have a reserve of power in excess 
of its normal power; and again it is convenient if not essential 
that a single-cylinder engine should be able to carry steam 
through the greater part of its stroke in starting. These condi- 
tions, together with the fact that it is somewhat difficult to design 
a plain slide-valve engine to give an early cut-off, have led to the 
use of a long cut-off for engines controlled by a throttle-governor. 
The tests on the Corliss engine at Creusot (Tables XXI and 
XXII, pp. 250 and 251) show clearly the disadvantage of using 
a long cut-off for simple engines. It has already been pointed 
out that a non-condensing engine should have the cut-off at 
about one-third stroke. With cut-off at that point and with 75 
pounds steam-pressure the engine developed 209 horse-power 
and used 24.2 pounds of steam per horse-power per hour when 
running without steam in the jacket and without condensation. 
If the steam-pressure is reduced to 50 pounds and the cut-off is 
lengthened to 58 per cent of the stroke, the steam-consumption 
is increased to 30.2 pounds per horse-power per hour, the horse- 
power being then 173* The gain from using the shorter cut- 
off is 

,■^0.2 — 24.2 


30.2 


X 100 = 20 per cent. 


A similar comparison for the same engine running with a 
vacuum and with steam in the jacket shows even a larger differ- 
ence. Thus in test 16 the steam-pressure is 84 pounds and the 
cut-off is at 1 1. 5 per cent of the stroke, the horse-power is 176, 
and the steam-consumption per horse-power per hour is 16.9 
pounds, while the consumption for about the same power in test 
44 is 25.4 pounds of steam per horse-power per hour, the steam- 
pressure being 35 and the cut-off at 58 per cent of the stroke; 
here the gain from using the shorter cut-off is 

25-4 ~ 16.9 ^ pgj. 

25-4 
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Considering also that automatic engines j are usually well 
built and carefully attended to, while throttling- engines are 
often cheaply built and neglected, the good reputation of 
the one and the bad reputation of the other are easily ac- 
counted for. 

It is, however, far from certain that an automatic engine will 
have a decided advantage over a throttle-engine, provided the 
latter is skilfully designed, well built and cared for, and arranged 
to run at the proper cut-off. Considering the rapid increase in 
steam-consumption per horse-power per hour when the cut-off 
is unduly shortened, it is not unreasonable to expect as good if 
not better results from a simple throttling-engine than from an 
automatic engine when both are run for a large part of the time 
at reduced power. 

The disadvantage of running a compound or a triple engine 
with too little expansion can be seen by comparing the steam- 
consumptions of marine and stationary engines; on the other 
hand, the great disadvantage of too much expansion is made 
evident from the tests on the engine in the laboratory of the 
Massachusetts Institute of Technology (Table XXIII, page 
265). Considering that the allowable variation from the most 
economical cut-off is more limited for a compound or a triple 
engine, it appears that there is less reason for using an automatic 
governor instead of a throttling governor for compound and 
triple engines than there is with simple engines. 'Nevertheless 
the most economical engines (simple, compound, or triple) are 
automatic engines. 

Effect of Speed of Revolution. — Though the condensation of 
steam on the walls of the cylinder of a steam-engine is very 
rapid, it is not instantaneous. It would therefore appear that 
an improvement in economy might be attained by increasing the 
number of revolutions per minute; but whatever might be thus 
gained is more than offset by the increase of the dimensions of 
valves, passages, and clearances that would accompany such a 
change in speed, for it has already been pointed out that the evil 
of initial condensation is much aggravated by increasing the 
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surfaces exposed to steam in clearance spaces. As a matter of 
fact all engines which for various reasons have been designed 
to run at very high rotative speeds have shown relatively poor 
economy, in part from the reason given, and in part from the 
fact that piston- valves are commonly used, and they are subject 
to the kind of leakage described by Callendar and Nicolson on 
page 234. even when they are in good condition. Very com- 
monly the engine has a fly-wheel governor, which requires the 
valve to be very free with the chance of excessive leakage. Mr. 
Willans invented a single-acting triple-expansion engine to run 
at high rotative speed, and succeeded in getting abundant steam- 
passages without excessive clearances by using a hollow piston- 
rod to carry the steam from cylinder to cylinder, all arranged 
tandem. Tests on this engine (which are not quoted elsewhere 
in this book) showed that an increase from 100 revolutions to 
2QQ revolutions per minute reduced the steam-consumption 
from 24.7 to 23.1 pounds per horse-power per hour, and a 
further increase of speed to 400 revolutions gave a reduction 
to 21.4 pounds; the engine was then running compound non- 
condensing. This engine used 12.7 pounds of steam per horse- 
power per hour, when developing 30 horse-power, at 380 revo- 
lutions per minute under 170 pounds gauge-pressure, acting as 
a triple-expansion condensing engine. 

Binary Engine. — On page 180, under the subject “ Compound 
Engines,” attention was called to the possibility of extending the 
range of temperature for vapor-engines by the use of two fluids; 
the second fluid (for example, sulphur dioxide) being chosen so 
that a good working back-pressure could be maintained at the 
temperature of the available condensing water which acts as 
the refrigerator for the combined engines. Considering only 
the efficiency of Carnot’s cycle for the customary range of 
temperature for a steam-engine, and the efficiency for the 
extended range, it appeared that a gain of 20 per cent might 
be possible. 

Recent investigations by Professor Josse on an experimental 
engine in the laboratory of the Technical High School at Char- 
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lottcnhurg ghv some insigiit the possibilities of this method. 
The engine is of moderute size, (levek)ping alMHit 150 horse- po\v<‘r 
as a steam engine, ami about .*00 horse- power us a binary engine, 
using steam at about 160 pounds by the gauge with 2cx)“ F., 
superheating. 'Fhe engine is a three-cylinder triple-expansion 
engine, but c;in be run also as a eompoun<l engine, though it 
probably is not proportitmed to give the best economy under the 
latter comlition. 

'I'he general arraiigi-ment of the engine is as follows: the three 
stciim cylinders are tirrangetl horizontally side by side, and the 
additional cylin<Ier using the vtdatile fluid (suli>hur dioxide) lies 
on the opp(tsite side of the crunk shaft, t<j which it is c«mncctcd by 
its own crank ami tonnccting rod. Steam is supiilictl from the 
boiler ami superheater to the steam engine, ami is exhausted 
into a tubular londenser whieh acts as the sulphur dioxide 
vaporizes; the comhmsed stejim is pumped back into the I)oil<T, 
and the vacuum is maintainctl by an air pumj? as usual; ii vacuum 
of 20 to 25 inches of mercury was maintained in this comlenwT. 
The vaporous sulphur dutxab- at a pressure of tao 1<» iHo pounds 
by the gauge was h-d to the proper cylinder, from which it was 
exhausted at about .t«; potintls liy the gauge; this exhaust was 
condensed in a tubular ctmdenser by rircutsUing water with a 
temperature of jib<»ut F. at the inlet and alKuit 65® F. at 
the exit. 

The drips from the steam jack«'ts of lh«* st«‘am cylinders were 
piped to the steam « ondens<T instead of laang returned to the 
boiler, hut that tannoJ be of much imjKtrtunci' because the 
condensation in the jackets was probably less than five {H-r {-ent 
of the tt.tal steam .supplied to the engine. The perftirmance of 
the engine is given in 'Fable XXV'lll in lerm.s {>f steam jht 
horse ptiwer jn-r hour and in thermal units [K>r hor.se j«>wer jjer 
minute; the latter I have cakulated from the total heat of the 
steam imluding tin* superh<-at, and the heat (tf the Ikjuid at 
the vacuum in the slcatn-iondenser. ('omparisons numt be 
made in terms t*f thermal unil.H in tmier t{> take aceount of 
the su{H*rheiiling. 
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Table XXVII. . 

BINARY ENGINE, STEAM AND SULPHUR DIOXIDE. 


Revolutiions per miaute . . 

Steam-Engine: j i 

Pressure at inlet, h.p. cylinder 

by gauge pounds 

Vacuum, inches of mercury ... 
Superheating, de^ees Fahrenheit 
Horse-power, indicated • • • * * 
Steam per h.p. per hour, pounds . 
Thermal units per h.p. per minute 
Sulphur-Dioxide Engine: 

Pressure by gauge pounds: . 

In vaporizer 

In condenser . . . . • • • ■ 
Temperature Fahr. at inlet to cyl 

inder 

Temperature Fahr- at outlet J 
condenser . . • • 

of circulating water inlet . 

outlet . 

Horse-power, indicated . . . . - 
per cent of steam-engine power 
Combined Engine: 

Horse-power, indicated . . 


i nermai umis pci u-.y. 
Mechanical efficiency 


Before comparing the results of these tests to determine the 
gain from working binary, it is interesting to see that the increased 
range of temperature in this case appears to give a possible 
advantage of 9 per cent. Thus, if the engine working as a 
steam-engine only had a vacuum of 27 inches so that the lower 
temperature was about 115° F., the efhciency of Carnot’s cycle 
would be 
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20.5 
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20.7 
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219 

125.2 
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154.2 

214 

101.6 
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221 
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121.8 
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140-5 
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16.4 

13-5 
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31 

36 

36 

36 

38 

33 

35 

, 132-0 

133-7 

151-7 

123.7 

137-3 

157-1 

155. I 

IS 3 -S 

152.8 

iSS -4 

1 

, 66.2 

65.8 

67.6 

64.4 

68.5 

67.6 

68.0 

70.0 

64.6 

66.9 ! 

. 49 - b 

?o. 0 

49-9 

60.2 

49-9 

62.4 

50.2 

60.2 

50.2 

63.8 

50.2 

63.8 

50-2 

63.4 

50.2 

65.1 

50.2 

61.2 

50.2 1 

63.3 

. JV • V 

■ 4 S -3 

42 . 8 

S 6.8 

31.0 

SO.i 

57-6 

61.3 

66.0 

48.0 

55-6 

■ 34.4 

34-2 

37-0 

30.3 

34-5 

40.0 

37-9 

42.1 

39-4 

39-5 

. 177.4 

168 

211 

132.6 

195-4 

. 202.1 

223.2 

222.3 

169.8 

196.1 

0.7 

8.36 

8.92 

11-05 

10.12 

! 9.86 

' 9-55 

11. S 

9.7 

9-6 

e 183 

167 

176 

i 215 

20c 

• 193 

i i 8 g 

1 205 

195 

191 

- 8s. S 

: 86.2 

83.8 

1 87.5 

: 89.1 

87 

’ 90.8 

; 90.5 

89.8 

1 92 



T - T' 


575 - H i 

575 + 460 


0.50, 


in which 575 is the temperature of the superheated steam supplied 
to the engine. On the other hand, with a back-pressure of 
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about 35 pounds in the sulphur-dioxide cylinder and a tempera- 
ture of about 65° F., the efficiency would be 

T 575+460 

and Sd 5 _ - . °- 5 ° _ 

0 - 5 S 

The results of the tests given in Table XXVIII are somewhat 
difficult to use as a basis for the discussion of the advantage of 
the binary system on account of certain discrepancies ; for example, 
tests No. 3 and No. 7 have substantially the same total power, 
steam-pressure, superheating and vacuum, and nearly the same 
vapor- pressures in the sulphur-dioxide cylinder; in fact, the 
advantage appears to lie slightly in favor of No. 7; nevertheless, 
the latter test is charged with 189 thermal units per horse-power 
per minute, and the former with 176, giving to it an apparent 
advantage of about 7 per cent. A comparison of steam per 
horse-power per hour gives nearly the same result. A com- 
parison of tests No. 2 and No. 4 gives even a more striking 
discrepancy, though the conditions vary more, and especially 
the total power of the latter is much greater. 

If we take 200 thermal units per horse-power per hour as the 
best result from a steam-engine, then the result from the second 
test appears to show a gain of 16 per cent, while the seventh 
test shows a gain of 6 per cent, and the fourth test is distinctly 
worse than the standard taken for the steam-engine. Under 
these conditions it is necessary to await further information. 

The last two tests made with the engine running compound 
gave results that are a trifle better than those for the compound 
engine using superheated steam but as it probably had not 
the most favorable proportions the comparison is hardly fair. 

Test No. 8 with saturated steam gave a record equivalent to 
that of the best steam-engine, which is distinctly favorable so 
far as it goes, as the steam-consumption for the steam-engine is 
large even making allowance for so poor a vacuum. 
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Finally it appears probable that the Ih'sI results for the 
binary engine could be obtuine<l fn»nt ;i eorreetly designed 
compound engine, using superheated steam; or lU'arly as 
good results might be expected for saturatt'd stt'tun at about 
175 pounds gauge pressure with stt'ttm jackets. Attention has 
already been called to the fact that susim jaekt^ts accomplish 
but little with highly superheated steam, and a[»pear to be 
unnecx'sstiry and illogical. 


I 




1 

f| 




CHAPTER XIII. 

FRICTION OF ENGINES. 

'he efficiency and economy of steam-engines are commonly 
erl on the indicated horse-power, because that power is a 
nite quantity that may be readily determined. On the 
er hand, it is usually difficult and sometimes impossible to 
ke a satisfactory determination of the power actually delivered 
the engine. A common way of determining the work con- 
led by friction in the engine itself is to disconnect the driving- 
or other gear for transmitting power from the engine, and 
place a friction-brake on the main shaft; the power developed 
hen determined by aid of indicators, and the power delivered 
Treasured by the brake, the difference being the power con- 
ned by friction. Such a determination for a large engine 
olves much trouble and expense, and may be unsatisfactory, 
ce the engine-friction may depend largely on the gear for 
nsmitting power from the engine, especially when belts or 
)cs are used for that purpose. 

The friction of a pumping-engine may be determined from a 
nparison of the indicated power of the steam-cylinders with 
; indicated work of the pumps, or, better, with the work done 
lifting water from the well and delivering it to the forcing- 
tin. But the friction thus determined Is the friction^ of both 
'i engine and the pump. Air-compressors and refrigerating 
ichines may be treated in the same way to determine the fric- 
m of both engine and compressor. Again, the combined 
.ction of an engine and a directly connected electric generator 
ay be determined by comparing the indicated power of the 
igine with the electric output of the generator, allowing for 
ectricity consumed or wasted in the generator itself. 

The friction of a steam-engine may consume from 5 to 15 per 
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cent of the indicated horse-power, depending on the type and 
condition of the engine. The power required to drive the air- 
pump (when connected to the engine) is commonly charged to 
the friction of the engine. It is usual to consider that seven per 
cent of the indicated power of the engine is expended on the 
air-pump. Independent air-pumps which can be driven at the 
best speed consume much less power; those of some United 
States naval vessels used only one or two per cent of the power 
of the main engines. But as independent air-pumps are usually 
direct-acting steam-pumps, much of the apparent advantage just 
pointed out is lost on account of the excessive steam-consump- 
tion of such pumps. 

Mechanical Eflhciency. — The ratio of the power delivered by 
an engine to the power generated in the cylinder is the mechanical 
efficiency; or it may be taken as the ratio of the brake to the 
indicated power. The mechanical efficiency of engines varies 
from 0.85 to 0.95, corresponding to the per cent of friction given 
above. 

The following table gives the mechanical efficiencies of a 
number of engines, determined by brake-tests, or, in case of the 

Table XXIX. 


MECHANICAL EFFICIENCIES OF ENGINES. 


Kind of Engine. 

Horse-Power. 

Efficiency. 

Simple engines: 


0.86 

Horizontal portable 

24 

Horizontal portable Hoadley 

80 

0.91 

High-speed, straight-line . 

56 

0.96 

Corliss condensing • • 

160 

0.81 

Corliss non-condensing 

100 

0.86 

Compound: 

78 

0.88 

Portable 

Semi-portable 

60 

0.88 

Horizontal 

59 

0.90 

Horizontal mill-engine 

288 

0,86 

Schmidt, superheated steam 

110 

0.92 

Leavitt pumping-engine ^ 

643 

0-93 

Triple-expansion Leavitt pumping-engine 

i 

576 

0.90 
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pumping- engines, by measuring the work done in pumping 
water. 

Initial Friction and Load Friction. — A part of the friction of 
an engine, such as the friction of the piston-rings and at the 
stuffing-boxes of piston-rods and valve-rods, may be expected 
to remain constant for all powers. The friction at the cross- 
head guides and crank-pins is due mainly to the thrust or pull 
of the steam- pressure, and will be nearly proportional to the mean 
effective pressure. Friction at other places, such as the main 
bearings, will be due in part to weight and in part to steam- 
pressure. On the whole, it appears probable that the friction 
may be divided into two parts, of which one is independent of 
the load on the engine, and the other is proportional to the load. 
The first may be called the initial friction, and the second, the 
load friction. Progressive brake-tests at increasing loads con- 
firm this conclusion. 

Table XXX gives the results of tests made by Walther-Meun- 
ier and Ludwig * to determine the friction of a horizontal-receiver 
compound engine, with cranks at right angles and with a fly- 
wheel, grooved for rope-driving, between the cranks. The 
piston-rod of each piston extended through the cylinder-cover 
and was carried by a cross-head on guides, and the air-pump was 
worked from the high-pressure piston-rod. The cylinders each 
had four plain slide-valves, two for admission and two for exhaust; 
the exhaust- valves had a fixed motion, but the admission- valves 
were moved by a cam so that the cut-off was determined by the 
governor. 

The main dimensions of the engine were: 


Stroke 

. . . 40.2 

inches 

Diameter: small piston 

. . . 21.2 

(C 

large piston 

. . . 31.6 

Ci 

piston-rods 

... 3.2 

C( 

Diameter, air-pump pistons . . 

. . . 14.2 

IC 

Stroke, air-pump 

. . . 18.8 

ic 

Diameter, fly-wheel 

. . . 24.1 

cc 


* Bulletin de la Soc. Ind. de Mulhouse, vol. Ivii, p. 140. 
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Tablk XXX. 

FRr<”ri()N OR COMPfn’Nl) KNOINK. 

WALTHKK-MKirNllsit and LitnWHi, HuUeiin if hi Sor. tnd. de Mulhouse, 

vui, Ivii, i>. 140. 




■ 1 







A8*<irtmt | 
by Kitniiw. ] 


Kfficiftttcy, 

I 


m,$ ■ 

140.0 

3 <l *5 

0.137 

0.H63 

a 


370.0 

13H.0 

;|8 . 0 

0. 1 38 

0 . 86a 

3 

Com|w»uri 4 

165 . 0 


30,7 

0. 131) 

0.861 

4 

TtirKirfising 

143^7 

loH.H 

340,1 

0,144 

0.H56 

S 

with 

ija,7 

188,7 

34 . Cl 

0.153 

o. 8 .'i 7 

6 


aot « 5 

1 fiH , 0 

3 ^*^i 

tfi) 

0.836 

1 

1 Ho , 4 

*#•5 

31 .0 

n, 17H 

o.8at 


158,1 

118,4 

10.7 

<s, iHt, 

0,811 



136. 1 

108,3 

17,8 

0. J05 

0.7(15 

10 


* 53 -* 

u.H ,4 

14 7 

0, iC'H 

0.836 

It 

High' 

i4J,n 


^3 7 

fi, ihy 

0.H33 

ta 

130.11 

toH. 3 

11 0 

0,174 

0.817 

13 

14 


lii^, * 

♦iH j 

11 ,ii 

fK tHj 

0.818 

< ylitithn 

imf.n 

88. 1 

m ■ 8 

0, ojl 

o.Hot) 

15 

iCi 

17 

C 'tinrfrrtHliig 

07,5 , 

Ho, 3 

78.. t 
08. 1 

1*1.4 
* 8 , ,1 

0. too 

0. ii i 

0.801 

0,788 

with 

7 S>? 

58,0 1 

17/7 

0.134 

0. 766 

iH 



48 , 0 ' 

17 5 

0. 1O7 

o* 7 .U 

m 



37 -y 

* 7 '3 

0,31 1 

0,687 

ao 



118, 4 

17 s 

0, 1 JO 

o.HHO' 

tf 


*«-? 

1 18. 3 

17.4 

0. t itj 

0.871 

■S 3 

33 

prrwtrr 

Ilf ,4 
114.4 

ifiH.j 
i|8. 1 

Hi,i| 
iCi, J 

0. 135 

0. 14 i 

0.865 

0,858 

34 

rylimi«*r 

WJ.«| 

88. 1 

15.7 

fi .151 

0,848 



1)3.0 

78. 1 

1 4 01 

0, if>ii 

0.840 

36 

Mon- 

Hi , 0 

m. t 

ij *1 

0. 170 

0,830 

37 j 


71,7 

58,0 

13.7 

0. nil 

o.Hmi 

sH \ 

no iilr"'|tiiit»|». 

tn ; 

48. fi 

*3 

f.l. Ill 

0,776 


5**3 ’ 

37 -*^ 

*1.4 

0. ihi 

0.738 


The (engine during the i*x{K*rimenls tnadt* 58 revolutions per 
minute. 'I’he air pump had two single at ting vertical pistons. 

Esu'h t‘X{)eriment lastetl 10 t»r 30 minutts, tluring which the 
load on the brake was maintained i onstant, and imlicator- 
diagrams were taken. I’he exjKTintents with small load on the 
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brake (numbers 9, iH, 19, .*8, anti 39) were irregular and uncer- 
tain. 

The tirst niiu' tests were inatie with the engine working com- 
pound. 'IVsts 10 to 11) were made with the high-pre.ssure cylin- 
der only in actioti anti with condensation, the low-pressure con- 
necting'rod being tiisconuected. 'I'ests 20 to 29 were made with 
the high pressure cylinder in actitm, without condensation, 

'Fhe results of these tests tire phdtwl on Fig. bo, using the 



brake ran unsteatlily), it appears that each serieti of tests can be 
representetl by a straigltt line which crosses the axis of ordinates 
above the origin; thus alTording a c»»nfirmation of the a.ssumption 
that an engine has a consttutt initial friction, and a load friction 
which is proportional to the load. 

Now the initial frictit»n which dejxtnds on the size and con- 
.struclion i>f the engine nwiy Ik* a.ssurae<l tt) In* proptJrtional to the 
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normal net or Ifruke horse- power, wiiich the engine is designed 
to deliver, and may be represented liy 

where a is a constant to he determined from a diagram like Fig. 
bo. If P is the net horse jiower delivered by the engine at any 
timt*, then the load friction eorresi>onding is 

kP, 

where fi is a secoml constant to be determined from experiments. 
The total friction of the engine will be 

fi - «/'. f i>P, 

so tliat the indicatetl power of the engine will be 

l.II.P. « P i aP„ i hP aP, P (i I- b)P. 

I'hi* mechanical erticitmcy corresponding will lie 
Ul.i*. £ P 

f.H.p." iju'r ‘ 

'riu* compound condensing engine for whii h t«-sts are repre- 
sented by Fig. (k) developed atp I.H.!*. and didivered ^50 honse- 
power to the brake, so that .|o horse power were consumed in 
friction. The diagram shows also that the initial friction was 
ao horse- power, and consequently the load friction was 20 
horse power. The values of « and h are t ttnsequently 

« «. 30 + 350 «• 0.07; 
h — (40 - 3o) + 350 «» 0,07, 

The indicated horse power for a given load P is 
l.H.F. «• 0.07/*, 1 1.07/1 

Similar etpiatbns can lx* deiluced fur the engine with steam 
supplied to the .small cylinder only; but as the engine is not then 
in normal condition they are not very useful. 

The maximum effteieney of this engine is 
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but at half load (125 horse-power) the indicated horse-power is 
I.H.P. = 0.07 X 250 + 1.07 X 125 = 151, 
and the efl&ciency is 

125, - 151 = 0.83. 

Table XXXI. 

FRICTJON OF CORLISS ENGINE AT CREUSOT. 

By F. Delafond, Annales des Mines, 1884. 

Condensing with air-pump, tests 1-33. 


Non-condensing without air-pump, tests 34-46. 



Cut-off Frac- 
tion of 
Stroke 

Pressure at 
Cut'Off, Kilos 
per Sq. Cm. 

Revolutions 
per Minute. 

Horse-Power — Cheval k Vapeur. 

Indicated. 

Effective J 

Absorbed 
by Engine. 

I 

0.039 

0.64 

64.0 

27.8 

16.3 

II . 5 

2 

0.044 

2.40 

68.5 

60.0 

37.6 

22.4 

3 

0.044 

2.90 

65.0 

67,2 

45.2 

22.0 

4 

0.065 

4.90 

64.0 

117.0 

88.7 

28.3 

5 

0.065 

6.20 

61 .0 

138.5 

106.3 

32.2 

6 

0.065 

7 . 10 

64.0 

163.2 

129.2 

34.0 

7 

0.065 

7.60 

64.0 

185.0 

144-6 

40.4 

8 

0. 100 

0. 16 

58.0 

21.0 

10.6 

10.4 

9 

0.106 

I -55 

60.0 

61.9 

42.3 

19.6 

10 

0, 100 

2.82 

57-3 

82.7 

61.0 

21 . 7 

II 

0.090 

4. 80 

58.3 

135.3 

106.7 

28.6 

12 

0. 128 

4.82 

58.3 

154.5 

124.8 

29.7 

13 

0.142 

0.76 

62.0 

42.3 

28.4 

13-9 

14 

0.137 

0.71 

60.6 

44.3 

28.7 

15.6 

IS 

0,132 

2.50 

54.0 

79 . 5 

59.8 

19.7 

16 

0.147 

2.60 

61.6 

100.0 

78.2 

21.8 

17 

o.iSS 

4.6s 

60.0 

177-2 

145.0 

32.2 

18 

0. 167 

0.22 

61.0 

40.2 

27.9 

12.3 

19 

0.197 

2 .SS 

57.2 

no. 8 

83.3 

27.5 

20 

0. 273 

0.40 

62.3 

50.2 

33.8 

16.4 

21 

0.264 

1.57 

63.3 

89.1 

61.8 

27.3 

22 

0.240 

1.64 

62.0 

87.2 

63.1 

24.1 

23 

0.24s 

3-25 

56.0 

145.0 

116.0 

29.0 

24 

0.260 

4.76 

58.0 

209.4 

178.0 

31-4 

25 

0.335 

0.25 

59.0 

47.2 

32.5 

14.7 

26 

0.339 

1.94 

58.3 

III. 7 

90.0 

21 , 7 

27 

0.338 

2.97 

6r.o 

161.8 

133.0 

28.8 

28 

I 

0.47 

59-3 

81.3 

67.2 

14. 1 

29 

1 

0.47 

61.0 

80.8 

67.9 

12.9 

30 

I 

1.60 

61.6 

148.5 

128.4 

20.1 

31 

I 

2.70 

61 . 5 

216.5 

191.0 

25-5 

32 

I 

2.70 

61. s 

215.5 

191.0 

24.5 

33 

0.50 

0.70 

61 . 5 

15.8 

0.0 

15-8 

34 

0.120 

6.00 

60.0 

132. 5 

107. 5 

25.0 

35 

0.106 

7.00 

53-0 

125.0 ' 

103.0 

22.0 

36 

0.120 

7-50 

62,0 

1721.0 

148.0 

24.0 

37 

0,150 

4-57 

55 . 0 

102.3 

86.5 

15-8 

38 

0.262 

4-50 

59-0 

149.2 

132.3 

16.9 

39 

0.293 

4-55 

59.0 

171.8 

153.8 

18.0 

40 

0.371 

4.40 

60,0 

195.3 

177.2 

18.1 

41 

0,348 

2-75 

58.0 

85. 1 

73.1 

12.0 

42 

0.348 

2.7s 

S8.S 

84.8 

71.1 

13.7 

43 

0 . 440 

3.48 

62.0 

151.0 

134-3 

t 6 . 7 

44 

O.III 

3-30 

62.0 

12.8 

0.0 

12.8 

45 

0.50 

1.20 

62.0 

12.3 

0.0 

12.3 

46 

1 

0.50 

62.0 

10.45 

0.0 

10.45 
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Table XXXI j^ivi-s the results of a large number of brake- 
tests made on a t'orliss engine at C'reusot by M. F. Delafond, 
both with and without a vueuum, aiul with varying steam- 
pressures and cut off. 'I'he tests with a vacuum are plotted 
on Fig. bi, and those without a vacuum tire given in Fig. 62. 
In both ligures the abscissa* tire the indicateil horse-powers, and 
the ordinates are the friction h<»rse powers. Most of the tests 
are represented by <lols; those tests which were nuule with the 
most t‘conomiciil cut olT pme sixth for the t*ngine with tamden- 
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friction than t!\c other U'>.ts. 'riw tests on this engine show 
clearlv that both initial and loud friction are iilTected Ity the 
cut-off and the steam jiressure, anil that friction tests should 
be made at the cut olT which the engine is expected to have in 
s^vice. 



1'he iniliiil frution was eiglit htjrse power h(*th willi and 
without condensation. Hut Fig. 61 shows that the engine 
with condensation gstve the best economy when it imUctited 
160 hor.se jiower; the fri( ti<m was th«-n .to horse-jawer, so thtil 
the net home power was 130, which will lie taken ftir the nornitd 
hor.se* power /*«. t’onsecpienlly 

fl *- K -5 130 «• o.oti; 

/» (30 ■— H) + 130 »* 0.17. 

l.II.l’. « o.otia/** I- i.tjP. 

In like maniHT Fig, Ui shows the Ik'sI economy without 
condensation, for about '^oo indieateci htirse power, for which 
the friction is jo luirse power, leaving iHo for the normal power 
of the engine. Conseqm'ntly 

« - K '! iKo — O.O.J5; 

h (jo H) !• iKo - 0.07. 

.•. - o.o.}i;/‘, 1 t.oyP. 

This engine with londeiisation hai! 36 horse power expended 
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in friction, when developing 200 horse-power; without conden- 
sation it had 20; consequently the air-pump can be charged with 
(36 — 20) -;- 200 = 0.08 

of the indicated power. The large percentage is probably due 
to the high vacuum maintained. e 

Thurston’s Experiments. — As a result of a large number of 
tests on non-condensing engines, made under his direction or 
with his advice. Professor R. H. Thurston* concluded that, 
for engines of that type, the friction is independent of the 
load, and that it can, in practice, be determined by indicat- 
ing the engine without a load. 

Table XXXII. 

FRICTION OF NON-CONDENwSING ENGINE. 

STRAIGHT-LINE ENGINE, 8 INCHES DIAMETER, 1 4 INCHES STROKE. 


No. of 
Diagram. 

Boiler- 

Ptessure. 

Revolutions. 

Brake H.P. 

I.H.P. 1 

Frictional H.P. 

I 

5 ^ 

232 

4.06 

7.41 

3-35 

2 

65 

229 

4.98 

7-58 

2,60 

3 

63 

230 

6.00 

10.00 

4.00 

4 

69 

230 ■ 

7.00 

10.27 

3-27 

5 

73 

230 

8. 10 

II 75 

3-65 

6 

77 

230 

9.00 

12.70 

3-70 

7 

75 

230 

10.00 

14.02 

4.02 

8 

80 

230 

TI.OO 

14.78 

3-78 

9 

80 

230 

12.00 

15-17 

3-17 

10 

S5 

230 

13.00 

15.96 

2.96 

II 

75 ; 

230 

14.00 

16.86 

2.86 

12 

70 

230 

15.00 

17.80 

2.80 

13 

72 

23T 

20. 10 

22 . 07 

1.97 

14 

75 

230 

0 

0 

28.31 

3 - 3 r 

1“? 

60 

229 

29 -ss 

33-04 

3-40 

16 

58 

229 

34.86 

37.20 

2.34 

17 

70 

229 

39-85 

43.04 

3-19 

iS 

85 

230 

45.00 

47.79 

2 78 

19 

90 

230 

50.00 

52.60 

2.60 

20 

85 

230 

55 -oo 

57-54 

Cl 


Table XXXII gives the details of one series of tests. The 
friction horse-power is small in all the tests, and the variations 
are small and irregular, and appear to depend on the state of 

* Trans, of the Am. Soc, of Mech. Engrs., vols. viii, ix, and x. 
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lubrication and other minor causes nither than on the cliungc 
of load. 

Distribution of Friction. As a consequence of his conclusion 
in the jircceding section, ITohcssor 'riuir.ston decided that the 
friction of an engine may be found by driving it from .some 
e.'cternal source of power, with the engint' in substantially the 
same condition as when running as usual, Init without steam in its 
cylinder, .and by measuring the power re(iuired to drive it by 
aid of a transmission dynamometer. E.'dending the principle, 
the ilistribution of friction among the .several memtrers of the 
engine may lie fouml l*y disconnecting the .several membt'rs, 
one after another, ami measuring the power required to run the 
nanaining tneitdiers. 

'riie summary of a number of tests of this sort, made Iry Fro- 
I fes.sor R. C. Carpi-nter ami Mr. (’». H. Fre,ston, are given in 

; Table XXXIH, ITeliiTtinary tests under normal conditions 

i showed that the friction of the several engines wtis practically 

; the same tit tdl loads ttm! speeds. 

I 'I'he most remtirkable fi-ature in this tal>le Is the friction of 

i the main bettrings, whu h in till cases is large, Iwlh relatively and 

■ absolutely. 'I'he eoeilicient of friction for the main bearings, 
ctilculated by the formula 

r / „ iMssJLh, 

t ^ ptn 

; is given in Table XXXIV. p k the pressure on the In-arings in 

i pounds for the engines light, am! plus the mean pre.ssure on 

■ the piston for the engines loa<ie<l; f is the circumference of the 

f bearings in feet; n is the numl«>r of revolutions per minute, 

1 and H.I*. is the horse power requiretl to overcome the friction 

, of the hearings. 

i The large amount of work ahsorlred by the main bearings 

s and the large eoeftieiettt of friction apfa-ar the more remarkable 

: from the fact that the coetlicient of frirthm for car-axle journals 

is often as low tis one tenth of one jK‘r cent, the dilferenee being 
\ jirobably due to the tiitlerence in the methwls of lubrication. 
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Table XXXIII. 


15 ISTRIBUTION OF FRICTION. 



Percentages of Total Friction. 

Parts of Engine. 

Straight-line 6 X i* 
Balanced Valve. 

Straight-line 6"X 
Unbalanced 
Valve. 

7" X 10" Lansing 
Iron Works — ^Trac- 
tion Locomotive 
Valve-Gear. 

12" X18" Lansing 
Iron Works — 
Automatic Bal- 
anced Valve. 

21'' X 20" Lansing 
Iron Works — Con- 
densing Balanced 
Valve. 

Main Bearings 

47.0 

35-4 

35-0 

41.6 

46.0 

Piston and Rod 

32.9 

25.0 

21.0 




6.8 



49.1 

21.8 

Crank Pin 

5-1 

13.0 

Cross Head and Wrist Pin 

5-4 

4 .T 




Valve and Rod 

2.5 

26.4 

22.0 

9*3 

21.0 

Eccentric Strap 

5-3 

4.0 

Link and Eccentric . . 

Air-Pump 



9-0 


12.0 

Total 

100.0 

100.0 

100.0 

100.0 

100.0 


Table XXXIV. 

COEFFICIENT OF FRICTION FOR THE MAIN BEARINGS OF 
STEAM-ENGINES. 


Engine. 

F.H.P. due to 
Main Journal. 

Weight on Jour- 
nals in Pounds. 

Diameter of Jour- 
nal in Inches. 

Coefficient of 
Friction, Engine 
Light. 

Coefficient of 
•Friction, Engine 
Loaded. 

Revolutions of 
Journal per 
Minute. 

6 " X 12" Straight-line . . . 

0.85 

1500 

1 

3 

1 

.10 j 

.06 

230 

*I2^X 18" Automatic (L. I. W. ) 

3-70 

2600 

5 

.19 

•05 

190 

7"X 10" Traction (L. I. W.) . 

0.68 

500 

2? 

• 3 ^ 

.08 

200 

2i"X 20" Condensing (I^. I. W.) 

3*30 

4000 

5 i 

.09 

.04 

206 


* The la^XiS" automatic engine was new, and gave, throughout, an exces- 
sive amount of friction as compared with the older engines of the same class and 
make. 
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The second and obvious eonehision from Table XXXIII is 
that the valve shoidd be balanced, and that nine-tenths of the 
friction of an unbalanced slidc' valve is unnecessary waste. 

'I'he friction of the piston and piston-rod is always considerable, 
but it varies much with the type of the enjtine, and with difl'er- 
cnces in liaiulling. It is (piite possible to change the elTective 
power of an engine by screwing up the piston-rod stuHing-box 
too tightly. 'Fhe packing of both piston and rwl slmuld be no 
tighter than is necessary to prevent perceptible leakage, and is 
more likely to be too tight than too loose. 



cirAi''rKR XIV. 

KNi KB, 

Rkcknt advances in the generation ef i>.)Wer from heat have 
been found in the develoiuneiit of internal coinbtistion <'nKim>s 
and of steam-turbines; the latter will be treated in Vhapler XLX. 
When first introduced tiie only convenient Itiel lot inti'in.il com 
bustion or gas engines was illuminating gas. wlihli limited their 
use to small sizes, for which convenience and small cost td attend- 
ance otTset the cost of find, 'bwenty years ago an migine of fifty 
horse-power was a large thtnigh not an unusual size. At that 
time Mr. Dow.son had suci ceded in generating gas from anthra- 
cite coal and from coke in his producer. Ten years ago engines 
of 400 horse power were built to use I>owsou producer gas, hut 
as they ha<l four cylinders the horse powei pel tylmiiet \^as only 
twice that of single-cylimier engines of a tiecade earlier; the 
fuel used in the producer was a cheap grade of anthmcile. At 
the present time, gas-engines are in use whh h tievelop as much 
as 1500 horse power per cylimler; these engines are of the two- 
cycle rlauhle-iicling type. '1‘lie appliiaiion of gus-engines to 
marine propulsion may miw" be imisidered t«t Ih- fairly under 
way, though as yet thi' vessels so propelled have been of small 
displacement; certain British firms tif shipbuilders have pkn.s 
matured for the apiiihalion of such engine's to the propulsion 
of large ships. 

Hot-air Engines. --Though the attempt to develop hot air 
engines on a large scale ap[H*ars to he deiinilcdy abandoned, and 
though the interest of this tyja* of cuigine is mainly historical a 
brief discu.ssion of them has some advantage, for, after all, the 
internal'combustion engine t.s a hot air i-ngine in wide h heat is 
applied by burning fuel in the cylinder. 

In the dlscu.ssion of the second taw of tliermcalynamti s psee 
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page 39) it was pointed out that to obtain the maximum effi- 
ciency all the heat must be added at the highest practicable tem- 
perature, and the heat rejected must be given up at the lowest 
temperature. The hot-air engine is the only attempt to follow 
the example of Carnot’s engine by supplying heat to and with- 
drawing heat from a constant mass of working substance (air). 
An attempt to obtain the diagram of Carnot’s cycle from such 
an engine would involve the difficulty that the acute angle at 
which the isothermal and adiabatic lines for air cross, gives a 
very long and attenuated diagram that could be obtained only 
by an excessively large working cylinder, with so much friction 
that the effective power delivered by the engine would be insigni- 
ficant. This is illustrated by Problem 20, page 75. To obviate 
this difficulty Stirling invented the economizer or regenerator 
which replaced the adiabatic lines by vertical lines of constant 
volume, and thus obtained a practical machine. His type of 
engine is still employed, but only for very small pumping-engines 
which arc used for domestic purposes, as they are free from dan- 
ger and require little attention. 

Stirling’s Engine. — - This engine was invented in 1816, and 
was used with good economy for a few years, and then rejected 
because the heaters, which took the place of the boiler of a steam- 
engine, burned out rapidly; the small engines now in use have 
little trouble on this account. It is described 
and its performance given in detail by Rankine 
in his ^^Steam-Engine.” An ideal sketch is 
given by Fig. 63. E is a displacer piston filled 
with non-conducting material, and working 
freely in an inner cylinder. Between this 
cylinder and an outer one from ^ to C is 
placed a regenerator made of plates of metal, 
w’ire screens, or other material, so arranged 
that it will readily take heat from or yield 
heat to air passing through it. At the lower 
end both cylinders have a hemispherical head ; that of the outer 
cylinder is exposed to the fire of the furnace, and that of the 



I 
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inner is pierced with hides thnnigh which the air sfrcarns whm 
displaceii by the plunder. At the upper end thiuv i . a , ,.il ;.f 
pipe through which cuid water Hows. 'I'lie working cvlimler //' 
has free eummunieatiim with the upper end of tiie displacer 
cylinder, and conseipiently it can he uili-d and the piston may 
, he packed in the usual manner, since only cool air enters it. 

In the actual engine the cylimier il is double acting, and 
there are two dis|)lacer cylimlers, one for eat h emi of the working 
eylinder. 

If we neglect the action of the air in the ilearatue of the 
cylinder // and the t ommunicating i»ipe, we liave the following 
ideal eyrie. Suppose the working piston to !«• at the beginning 
of the forward stroke, iind the displacer piston at the bottom of 
its cylinder, so that we may assume that the air is all in tlie upper 
part of that cylinder or in the refrigerator, and at the lowest tem- 
persiHire 7',, the condition of one pound of air being represented 
by the point D of Idg. f»4. The disjdater piston is then moved 
ijuii kly by a ram to ilte upper end of the 
stroke; while the Winking piston moves so 
little that il ntay i«* considered to Im’ at rest. 
The air is ilnis all driven from the upjHT end 
of the displacer i\ tinder through the regene- 
rator, from wliit h it t.ikcs tii* lical ulwniioned 
during the (ircceding return stroke, thereby 
acquiring the temperature and enters the 
lower end of that cylinder. Ihtring this pto«ess the line d7> of 
amstant volume is descril»‘i! on Fig. t> j. When this proeess is 
complete, the working t ylinder makes the forward stroke, and 
the air expands at nmsiant teinjuTiiture, this part of the rytlu 
iM'ing represented by the isothermal AH of Fig. fij. At the end 
of the forward stroke the dispboer piston is qua kly moved 
down, thereby driving the air through the n^gmcralor. during 
whieh firtKess heal is given up by the air, into the ttpirr part 
of the displacer cylinder; this is aciompanied !iy a mulirtg at 
constant volume, represeniisl by the line Ht The working 
piston then makes the return stroke, i ompfi ssing the air at con- 




STIRLING’S ENGINE 


301 


stant temperature, as represented by the isothermal line CD, and 
completing the cycle. 

To construct the diagram drawn by an indicator, we may 
assume that in the clearance of the cylinder H, the communi- 
cating pipe, and refrigerator there is a volume of air which flows 
back and forth and changes pressure, but remains at the tempera- 
ture Ty If we choose, we may also make allowance for a simi- 
lar volume which remains in the waste spaces at the lower end 
of the displacer cylinder, at a constant temperature 

In Fig. 65, let ABCD represent the cycle of operations, with- 
out any allowance for clearance or waste spaces; the minimum 
volume will be that displaced by the displacer piston, while the 
maximum volume is larger by the volume displaced by the work- 
ing piston. Let the point E represent the maximum pressure, 
the same as that at A ; and the united volumes of the clearance 
at one end of the working cylinder, of the communicating pipe, 



Fig. 65. 

of the clearance at the top and bottom of the displacer cylinder, 
and the volume in the refrigerator and regenerator. Each part 
of this combined volume will have a constant temperature, so 
that the volume at different pressures will be represented by the 
hyperbola EF. To find the actual diagram A'B'C'D', draw 
any horizontal line, as sy, cutting the true diagram at u and X, 
and the hyperbola EF at /; make uv and xy equal to st-, then 
V and y are points of the actual diagram. The indicator will 
draw an oval similar to A'B'C'D' with the corners rounded. 

The* diagram in Fig. 66 was reduced from an indicator-dia- 
gram from a hot-air engine made on the same principle 
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as Stirling’s hot-air engine. To avoid destruction of the lubri- 
cant in the working cylinder Stirling found it advisable to con- 
nect only the cool end of the 
displacer cylinder with the working . 

cylinder, and had two displacer 

cylinders for one working cylinder. 

It has been found that a good 

Fig. 66. mineral oil can be used to lubricate 

the displacer piston, and that the 
hot end also of the displacer cylinder can be advantageously 
connected with the working cylinders, of which there are two. 
Thus each working cylinder is connected with the hot end of 
one displacer cylinder and with the cool end of the other 
displacer cylinder. 

The distortion of the diagram Fig. 66 is due in part to the 
large clearance and waste space, and partly to the fact that 
the displacer pistons are moved by a crank at about 70 degrees 
with the working crank. 

A test on the engine mentioned by Messrs. Underhill and 
Johnson* showed a consumption of 1.66 of a pound of anthracite 
coal per horse-power per hour; but the friction of the engine is 
large, so that the consumption per brake horse-power is 2.37 
pounds. This engine, like the original Stirling engine, appears 
to have given much difficulty from 
the burning of the heaters. The ''' a n b " 
difficulty is likely to be more serious ^ j 

with large than with small engines, t A ~ y/I 
as the volume of the displacer cylin- 7 7 

, . d/_d /c_Qr 

ders increases more rapidly than the 
heating surface. 

The action of the regenerator may ^ ^ 

be best explained by redrawing the d %oxa c yz b 
diagram Fig. 64 on the temperature- fig. 67 . 

entropy plane as shown in Fig. 67, 

where AB and CD are constant temperature lines representing 


* Thesis, M.I.T.'iSSg. 
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isothermul rxininsiuti, and />.■! and BC take the place of 
the constant volume lines on Fig. 64. To show that these 
lines are properly <lrawn, we may consider the eipiation 

; ) 1 / . A 

dm (V t (<,, (,.) — 

which was ileducetl on page 67. For the lines DA and 
BC till' volumes are t onstant, so that the equation reduces to 

# y, ; 


or transposing, 

di T . 

</«/» ( , ’ 

but this last expression represents the tangent of the angle lu-tween 
the a.xis and the tangent to the curve. This angle increases 
(but with a diminishittg ratio) with the lemperatun-, and as (■„ 
is constant f(tr a gas, the angle depends only on the tempi-rature 
7', so that the lurw BC b identical in form with the curve AD, 
and is merely set off further to the rigid; in consecpu'm-e, jiarts 
like 1 T,V and /.V between a pair of constant temperature lines 
are identical e\cfp( in their positions with regard to the axis OT. 

. Suppose now that the mult'rial of the regenerator has the 
temperature 7‘, at the lower end and 'l\ at the upper end, and 
that the temperature varies regularly from bottom to lop. Sup- 
pose furthcT that the air when giving heal to the regenerator 
(or receiving heat from it ) diflers from it by only an inappreci- 
able amount, 'riien the diagram of h'ig. 67 will represent this 
ideal action correctly, and it is easy to .show that its efl'iciency 
Is the same as that **f Carnot’s cycle A BCD'. For the 
amount of heat acciuired by the regenerator during the opcTu- 
lion represented by H( \ corresponding to the down stroke' of 
the disphtcer piston, is mc'usured by the area hBC c; tind the- 
heat yielded during the up stroke /b 4 , is represc*nted by 
the area dDAtr, and these two areas are manifestly ecpial. 
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Moreover, the small amount of heat gained durine; the optTation 
Zr at the temperature 7' Is e\,aetly etuuiterhalaneed l)y the 
heat yielded during the openition .Ylf ;d the same temperature, 
so thiit there is no loss of etVu'iency: the .•.mail atmnmts of lu>at 
mentioned are representwl by the equal areas sZl'y tind wff.Yx 

It c;in be shown that one of tin* eurves like /).! m;iy be drawn 
at random, provided that the other curve like B(' is mtule iden- 
tical and set olT further to the right; but the matter is nut of 
importance ertough to warrant its discussion. 

In practice a regenerati»r must be at ati appreciably lower 
temperature than the air from wliich it receives hettt, and at a 
higher temjterature than thsil ti> which it yields heat, ;is the flow 
of air is rapid. The loss of hetit stt>red aitei restored per cycle 
of the original Stirling engine wsis estiimtled at live per cent to 
ten jier cent. It may be proper before psissing fnuu the sithject 
sttue that regenerators tire not applicable to gtis-engines in use 
at the present day. 

Gas-Engines. - 'rite chief diila itlty with hot ttir engines is 
t<! transmit heat to and from the walking substance. In gtus- 
engiiu's this ditUculty is renioveti by mixing the fuel with the 
air (so that heal is (ieveloped itt the working sulistance itself), 
and by rejecting the hot gases after they hav«' dtme their work. 
Tlie fuel may lie illuminating gas, fuel gas, «»r vapi>r of a volatile 
lupikl like gasoline. It will !«■ shown that the siH’citic volume 
and the specific heat of the mixture of air and gas, both before 
and tifter the heat is deveIo{H’d by tombuslion, are not very 
dillerent from the same pr<»|H*rlies of air. The general theory 
«»f gas engines may therefore Ik? »levelop«*d on the assumption 
that the working substance is air, which is heated and cooled in 
such a manner as to prtHiuce the ideal cva les to la* disrussetl, 
as is done by Clerk.* 

KxjH'rience has shown that in order to work elliciently, the 
mixture of gas ami air su|iplied to a gas «*ngiiu* must be com- 
pressed to a considerable pressitre l«*fore it is ignited. 'I'his may 
be done either by a separate compressor or in the < ylindcr of the 

• iiw^ iM iipif im : t»iii|4i4 rirrk, 
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engine itself; the second type of engines, of which the Otto 
engine is an example, is the only successful type at the present 
time ; the other type has some advantages which may lead to its 
development. 

Gas-Engine with Separate Compressor. — This engine has 
a compressor, a reservoir, and a working cylinder. When run 
as a gas-engine a mixture of gas and air is drawn into a pump or 
compressor, compressed to several atmospheres, and forced into 
a receiver. On the way from the receiver to the working cylinder 
the mixture is ignited and burned so that the temperature and 
volume are much increased. After expansion in the working 
cylinder the spent gases are exhausted at atmospheric pressure. 

The ideal diagram is represented by Fig. 68. ED represents 
the supply of the combustible mixture to the p 
compressor, DA is the adiabatic compres- ^ ^ 
sion, and AF represents the forcing into \ 
the receiver. FB represents the supply 
of burning gas to the working cylinder, ^ 

BC represents the expansion, and CE the 

exhaust. In practice this type of engine 

always has a release, represented by GiT, before the expansion 

has reduced the pressure of the working substance to that of the 

atmosphere. 

This type of engine has been used as an oil-engine by supplying 
the fuel in the form of a film of oil to the air after it has been 
compressed. In such case the compressor draws in air only, 
and there is not an explosive mixture in the receiver. The 
Brayton engine when run in this way could burn crude petroleum, 
or, after it was started, could burn refined kerosene. Its chief 
defect appears to have been incomplete combustion and conse- 
quent fouling of the cylinder with carbdn. 

The effective cycle may be considered to be represented by 
the diagram A BCD (Fig. 68), and may be assumed to be pro- 
duced in one cylinder by heating the air from A to B, by cooling 
it from C to D, and by the adiabatic expansion and compression 
from jB to C and from D to A > If T^and are the absolute 
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ti-miK‘nUiiri's corffspoHdin^; to tiio p»nnis .-1 aiul B, thea the 
hfut iHidi'ti from .! to B is 

^ l / S ^ tl h 

and thf hfut witluirawn from C ti» /? is 

.so that th<’ ftru ioncy of tho idoal i v« U* is 
* i ) 

Hut siiuf tho vspait.sion and romprossion aro adidwtk, 

• = .a. 

I 

Imt />, f>,i h A>‘ 

-J 

n 


so that the I'ljuation hir rlluiritty iiriiuni's 



ThtK discussion of ideal clVu irn» y is due to IhiKald Clerk,* and 
has the atlvanlage of n-piaiint^ an cstmU»«Kly tumpU x (iperatitm 
Ity St simple ideal ojH:ratiun whiih hits ttpprosinialely the same 
etlieiemy. Hinv far the ideal lyiie tatt Ir useil to determine 
the prohsilile sulvstnttiges of lertstin londilioits depends on the 
degree tif sipjtrosiimtlion, — a msitter whi* h will he referred 
to Istter. It must III* admitted that the divergeine of the 
sutual from the resil i yile is mm h grestier ihiin tin* divergence 
(if the steam engine eyile from that of ;t non tonducting 
cylinder. 

Fttr example, with the pressiiri- in the reservoir stl tjo pounds 

• T'lfr ilWft, Tlir f#iif ihi tHiif*, 




*/; 


(177) 


<;as-kngink with skparate compressor 
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above the atmosphere the efticiency is 


Vi 4-7 I yo/ 


405 


0.43. 


Will'll the eyele is incomplete the expression for the efficiency 
is not so simple, for it is necessary to assume cooling at constant 
volume from (7 to II (Fig. 6B), and cooling at constant pressure 
from II to D', so that the heat rejected is 

r. ('/; ™ 7 ’,> + iV (n - T,), 

and the efficiency becomes 
1 


- ’i\) f {'i\ - rs) 


(179) 


For twamplfr let it be assumed that the pressure at A is 90 
pounds above the atmosphere, that the temperature at B is 2500° 
F., and that tlu' volume at (7 is three times the volume at B. 
First, the temperature at A is 


X.4OS 


'/« « Ta “ (ho + 460) 917, 

providetl that the temperature of the atmosphere is 60° F. 
The temperature at G is 

'J\ - - 2960 *«. 1897, 

and the pressure at C 7 is 

Pv “ P^^ “■ + 90) (”)"'*=’ 22.4 pounds, 


7;^''- 1897 X 
pg 22.4 


1247, 


SO that the temperature at // is 

and finally the efficiency is 

—i— (1807 - 1247) + 1247 “ 520 

1405 

0 J mriw. Mi p inWwrf fW ii iii i iii M ii m ii M Ii w «4iiiii 1 i n. 

2960 — 917 


042- 


V. b 
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Gas-Engines with Compression in the Cylinder. — All success- 
ful gas-engines of the present day compress the explosive mixture 
in the working cylinder. Very commonly they take gas at one 
end of the cylinder only, and require four strokes to complete 
the cycle, so that there is one explosion for two revolutions when 
working at full power. Such engines are commonly known as 
four-cycle engines. Some engines have the exhaust and filling 
of the cylinder accomplished in some other way, and are known 
as two-cycle engines; they have an explosion for every revolu- 
tion when single-acting. Both four-cycle and two-cycle engines 
have been made double-acting in large sizes. The first forward 
stroke of the piston from the head of the cylinder draws in the 
mixture of gas and air, which is compressed on the return stroke; 
at the completion of this return stroke the mixture is ignited and 
the pressure rises very rapidly; the next forwafd stroke is the 
working stroke, which is succeeded by an exhaust-stroke to 
expel the spent gases. In almost all engines these four strokes 
are of equal length, for the advantage of making them of unequal 
length, as required for the best ideal cycle, is more than coun- 
terbalanced by the mechanical difficulty of producing unequal 
strokes. 

The most perfect ideal cycle, represented by Fig. 69, has 

four strokes of unequal length so 
arranged that the piston starts from 
the head of the cylinder when gas 
is drawn in, and the pressure in the 
\ cylinder is reduced to that of the 

\ atmosphere before the exhaust stroke. 

dI \ Thus there is the filling stroke, 

\ represented by jEC; the compression 

E stroke, represented by CD\ the 

^ working stroke, represented by AB; 

Fig. 69. a-Rd the exhaust stroke, represented 

by BE. 

The effective cycle is ABCD, which may be considered to 
be performed by adding heat at constant volume from D to A, 
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and withdrawing heat at constant pressure from B to C, together 
with the adiabatic expansion and compression AB and CD. 

The heat added under this assumption is 

CriT, - T^), 

and the heat rejected is 

Cp (Ti — Tc), 

so that the efiiciency is 


(Dg Td) 


in- 


in - Ta) 


n - n 


If the temperature at A and the pressure at D are assumed, 
then it is necessary to make prehminary calculations of the 
temperatures at D and at B before using equation (180). Thus, 
adiabatic compression from C to D gives for the temperature 
at D 
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provided that the temperature of the atmosphere is 6 o° F. 
fa = 104-7 = 338 pounds; 


rs= (2500+460) 


= 1199; 


represented by GC. 


iiQQ — ^520 

^ = I - 1.405—^^^ 177 "= ^*SS- 

2960 — 917 

If the expansion is not carried to the 
^ atmospheric pressure, then the diagram 

\ shows a release at the end of the stroke, 

\ as in Fig. 70, and the cycle must be 

^ \ considered to be formed by adding 

\ heat as before at constant volume, but 

E I a by withdrawing heat at constant volume 

to cause a loss of pressure from B to 
^ ^ G, and by withdrawing heat at con- 

stant pressure, during the process 
represented by GC. The heat rejected becomes, therefore, 

c, (T, - T,) + c^(T, - r,), 

and the efficiency is 

_ g. (Tg - Tg) - CAT, - T„) - cAT, - T,) 

C. (Ta - To) 

— T - ^ (Tf, - rj _ _ / g X 

Ta- Ti ' 

Assuming, as before, the pressure at D and the temperature 
at A, it becomes necessary to find the temperatures at B and at 
G as well as the temperature at X>; this last may of course be 
found by equation (iSr). If the pressure at B is assumed also, 
then equa,tions (182) and (183) may be used as before to find 
Tj; and Tg may be found by the equation 

Tg=T,^ ( 185 ) 

Pb 


\ 
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For example, let it be assumed that the expansion ceases 
when the pressure becomes 20 pounds above the atmosphere, 
the other conditions being as in the previous example. Then 


0405 

= (2500 + 460) = ^536; 


.336^-650; 


and 

I 

e = I - ^536 - 6.S0 + 1.405 (6.=;o - K2o) ^ g 
2960 — 917 

Though not essential- to the solution of the example, it is 
interesting to know that the volume at C is 


/ go + 14.7 ^ 

V 14.7 / 


4 + 


times the volume at D, and that the volume at J5 is 


I 



times the volume at A, 

When, as in common practice, the 
four strokes of the piston are of equal 
length, the diagram takes the form shown 
by Fig. 71; the effective cycle may be 
considered to be equivalent to heating at 
constant volume from D io A and cooling 
at constant volume from B to C, together 
with adiabatic expansion and compression 
from A to B and from C to I> 
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The heat applied is 

<•. (7'« » 

7a), 

and the heat rejected is 

k *** 

TA 

so that the efficiency is 



f, i'l'u " 7’,/ )_ 

£ as -- - 

e..(7‘« 

.. 7 ;;') 

’.Is) 


I 


- 7 


« — ■ I 


... ( 1 86 ) 

Since the expansicnii an«l rturiim'sskai iitv atiiu!iati«% we have 
the equations 

n V/ " ‘ ‘ , :int! 7;tv‘ “ ‘ 7 

but the volumes at A and l> are as are also the volumes 

at B and C; eonsetjuently by «!ivis»m 

n T .. . 

7 ; ’ 

consequently 

7‘ * 7 r J t . / 

and the ex{)rcss5on for eiFu ient y liemmes 

# wi» I »■- I ' I 

■which shows that the efficieney depends only on the eoinpression 
before exj^osum. 

Far example, if the volume of the t learam e or compression 
space is one-third of the piston tlispiacement, so that I’j is one- 
fourth of V(, tlntn the eiliciem y is 

g «« t ... pj 0.43. 

The pressure at the end of eompressittn is 


(187) 
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pounds absolute, or H8.4 jiounds by the gauge. The calculiitcd 
cfl’ic-ieney is tiierefore not much les.s than the efficiencies found for 
other examples; it is notable that the elficiency is nearly the 
same as that calculated on page 307 for an engine with separate 
compression to <)0 poiuuis by the gauge. For the case in hand, 
however, the pressure after explosion, which depends on the 
temperature, may exceed 300 pounds per siiuare inch. 

The diagrams from engine.s of this type* re.semble Fig. 72, 
a 


Vtt,. ji. 

which was taken from an < )tto engine in the lalmratory of the 
Massachusetts Institute of 'rixhnology. During the filling 
stroke, the pressure in tlu* eylimler is less limn that of the atmos- 
phere; the chtirge is ignitetl just before the end of the compression 
stroke, and th<* explosion though rapid is not instantaneous, 
as is intlicated by the rounding of the corners of the diagram 
at both the bottom an<l the top of the explosion line, and by 
the leaning of that line to the right. Release iKTurs before the 
emi of the stroke, and there is considerable back pressure iluring 
the exhaust strokt*. '!*he scale of the tliagram Is 150 pounds to 
the inch, and the maximum pressure is 251 pounds. The atmos- 
pheric line is omitttxl to avoiti confusion. 

In order to show clearly tlie comlitions during the exhaust 
and filling strokes, tin* liiagram Fig. 73 was taken with a .scale 

* A iif ii will foufuifirt |mgr3J7i an4 may 

be rend f^r thr ltr»t t«»ir tii llik 
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or .O to the inch, ami with a slop to limit tiu- ri.c ..f the imlicator- 

piston- the til'lH'r i»-‘« not 

Lpear in the Itgure. I'h'' mean i.a‘h presMitv i. a!.uut five 
jHUimis, ami the reiliu tiott of j»re-.«.iire itt the lalin.ler !>; hetween 



VlM* II. 

three am! four }«mmls 1 h-Iuw the atmo.ph. re, R*fereme to 
th<- inihifme of thi- negative ar*-a of h'ig. 7.t o» the etTeetiw 
iiulicatwl horse power will he ma.le later. 

'The compresHtotJ line iloe>> tiot dilfer very tmti h tn appearance 
or in reality fr«.in an adiahaiu line fr..m air. though the air may 
he expected to re.eive he.il from the walls of the l ylimler during 
the first part of the coinpre?<*tion stroke, and may part with heat 
durinK' the latter imrt. The expansion line has a resemblance 
U. the'adiahatie line for air. hut is Usually less steep, especially 
for large engines; Imt in reality the eomhiions in the eylinder 
are very clilTerenl, hir the tumhusiion d«H s not t ease at the max- 
imum pressure, hut continues more or less durittg the e.xpun.sion 
stroke, ami may extend to the nhase; and at the same time 
heat is taken up energetieuHy hy the walh of the i ylimler, which 
are cotded hv a wuler jaeket to avoid overheatittg. These two 
etTeets, after hurning and hm of lu-al to tlu- vv.der jaeket, deter- 
mim- the form t*f the expansion tine and its rescmhlanee t» an 

adiahatie line. 

Characteristics of Gases. Then- are three «hsiiml kinds «t 
gases used in gas engines; fit illuminating g.is. t^l priulucer- 
gas, f,U hlasl furnace gas. l-kuh «lasH h i . f orh well market! 
characteristics, though there is miisideiahle v.iiiatiun in a tlass. 
The greatest variation is liahle to he found m blast furnace 

lliirifli'iil lit ir rati* tlH t!li' j 
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unci, il llu‘ gus is to be used for generating power, the engines 
and adjuiuts must be udajited to the conditions. Producer- 
gas is made irom coke, anthracite, or from non-caking bituminous 
coal, and consists ma inly of hydrogen and carbon monoxide, diluted 
with the tdtrogen of the air, together with live or ten per cent 
of carbon dio-xidc' and a small percentage of hydrocarbons espe- 
cially when bituminous coal is used. Jlluminating-gas is now 
commonly made by the water gas process, which yields a gas not 
very unlike producer- gas, but that gas is enriched with hydro- 
carbons of varying composition; formerly illuminating-gas was 
distilk'd from gas coal, which was a rich bituminous coal yielding 
a large percentage of hydrocarbons when distilled. 

'I'he general characteristics of illuminating- gas are represented 
by lh<‘ following analysis of Manchester coal-gas <|uoted from 
the first edition of C’lerk’s Cas Rnjfine, and used by him to 
investigate the effect of combustion on the volume of the gas. 


ANAI.YSIS OF MAN'fllFSTItR ('OAt, OAS. (Hansen and Rdwoc.') 



\uU, 

( ) trquiml 

(Ntrnhuitktrii,. 

ProtUutH. 

nv<lr(»gpn, H . 

45 ’ 

aa.70 

4.S..SH, H,,0 

Mfthiitub . . , . . . 

34. t) 

(k; , 8 

-104.7, ^ 

(‘arlKtn C'O . . 

6.64 


6.64, ('Og 

Kthylcnir, (’,11, . . * . . . 

4.0H 

I a . 24 

16.32, v(\ k n.ji> 

Tptrylpms . . . . 


14.28 

t0,O4, COji & 

Suljihurptipti hydfttgfn^ li^S 

0 , M) 

0.43 

0.58, H/) &SC)sj 

Nitr(»gt*n, N J 

a , 46 


a. 4 6 

{'iirlKHuiuixidr* . . .■ 

3,67 

...... i 

3.67 


i 1 , Of) 

i ! 

raa,H(> ( ) 

('OadlgO K' SO 






An analysis of illuminating ga.s made by the water-gas process 
at Hoston gave: Hydrogen 3 7. y, methane 38.9, carbon monoxide 
25,3, carbon dioxide j.y, hydrocarbons la.o, nitrogen 3.0, oxygen 
t.o; tln‘ analysis being only proximate does not allow of a calcu- 
lation of the oxygen nspiireil for combu.stion. 

The following composition of prwlucer-gas wa.s taken from a 
report of tests on a gas-engine by Profes.sor Meyer, for which 
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COMPOSITION OF PRODUCER-GAS 


Products 

Vols. 


Hydrogen, H 

Methane, CH^ .... 
Carbon monoxide, CO 
Carbon dioxide, CO2 • 
Oxygen, O . . . . - 
Nitrogen, N 


details are given on page 350. Eight analyses are given in the 
original paper, which are here averaged. 

Rich non-caking bituminous coals may show a considerably 
larger proportion of hydrogen. 

In a paper on the use of blast-furnace gas Mr. Bryan Donkin 
gives the composition of gases from five furnaces in England, 
Scotland, and Germany, from which the average values in the 
following table were deduced: 

COMPOSITION OF BLAST-FURNACE GAS. 


Hydrogen., H . . . . 
Carbon monoxide, CO 
Carbon dioxide, CO2 . 
Nitrogen, N 


Not only is there much variation in the composition of gases 
from different blast-furnaces, but the variation with the progress 
of the metallurgical operations is so marked that it is customary 
to mingle the gases from several furnaces in order to insure 
that the gas is proper for use in gas-engines. 


Vols. 

Vols. of 
Oxygen fur 
Combustion. 

Products. 

Vols. 

2-5 

1.3 

2.5, H2O 

29.1 

19.6 

29 • I , COg 

7.0 

0 

7.0, C02 

61.4 

0 

6t.4, N 

100 

20.9 

TOO 


Vols. 

Vols. of 
Oxygen for 
Combustion. 

13-7 

6.8 

0.7 

1.4 

24.6 

12.3 

6.5 

0 

•S 

0 

54*0 

0 

100 

20.5 
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The amounts of oxygen required for the combustion of a given 
volume' of any gas can be computed from the formulae rep- 
resenting the chemical changes accompanying combustion, 
together yith the fact that a compound gas occupies two volumes, 
if measured on the same volumetric scale as the component 
gases. Thus two volumes of hydrogen with one volume of 
oxygen unite to form superheated steam as represented by the 
formula 

2H + 0 = HjO, 

and the three' volumes after combustion and reduction to the 
original temperature are reduced to two volumes; in this case, 
to have the statemc'nt hold, the original temperature would need 
to he vt'ry high, to avoid condensation of the steam into water. 
But in the' application to gas-engines this leads to no inconven- 
ience, l)ecause the gases after combustion remain at a high tem- 
{)erature till they are exhausted, and the laws of gases can be 
assumed to hold approximately. A compound gas like methane 
can be computed as follows: 

CH, + 40 =» CO 3 f 2H3O. 

Since the compound gas methane occuj)ies two volumes and 
requires femr volumes of oxygen, it is clear that each cubic foot 
of that gas will demand two cubic feet of oxygen; the total volume 
may Ik; reckoned as six before combustion, and in like manner 
there will be six volumes after combustion, namely, two of 
carbon dioxide ami four of steam. 

In this way the oxygen required for combustion of the three 
kinds of gas for which the compositions are given, has been 
<’omi)Uted, and also the volumes after combustion. For coal- 
gas the contraction due to the combustion of hydrogen and 
<'arbon mtjnoxide is very nearly compensated by the expansion 
due to the Ijreaking up and combustion of the hydrocarbons. 
A similar result may be expected for any illuminating-gas. On 
the other hanil, producer-gas if burned in oxygen would show a 
contraction of 

t _ iS- „ o.r6; 

120.5 
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but in prartkf tin- pnHbufr gas is tnixni with t.3 to r.5 of its 
volunu' of air, so tltat tho tonirat tion of u) voluiucs takos place 
in -*30 to .'50 volumes, ami thus is therefore of to S per cent 

contmclH^R. 

dearly this matter has to »iu with the tpiesium raised on 
page 30(J, as to the rehame to he p!aie<l <m the ideal etlieiencics 
which assume heating of air ins(<a(l of umihustion of fuel. 
For illuminating gas that assumption aj.pears umdijeetionahle, 
ami for prtHlmergas the diserepamy 1*. m.t >a great as to 
destroy the value of the method. 

Temperature after Eitplasion. The mo-t tiit'licult (piestion 
eoneerning the iheorettiul therm.il eila iem > of gas engines is 
the determination «»f the temperatun- after rsploHum. Direct 
determination is tUlViciilt l»oth on aM.ain! of tlu- high tempera- 
ture and the very slmrt interval of time during which the maxi- 
mum temperature cam be cotisidcrcd !** exist. 

A eompunitively simple iailculalam of the temperature after 
explosion can be manle fraim a duigram like l*ig. jj, if the com- 
pression latJ Itt* assumed to l«* atliabatu , amd i! the law.H of 
perfect gases <an Iw aipplied. The pressure ot» the tompression 
line measured on an urdinati- through the pa.int u «if maiximum 
pressure, i.H 61 jaiumls, or 7<;.7 |s»umls absolute. If the tem- 
perature t>f the gases in the i vlinder at aittm»sphefie pressure is 
taken to Im« 70 degrees, adiabailic tompression gives approxi- 
mately 

Frf - {70 f .|(*ol ('•- ') ™K j 7“ 

\ 1 4 * i 

The maximum pressure after exph*skin is js;! pounds, or alHiiil 
aW> pounds absolute. If the lemjMrature att Mtnstani volume 
is as,sumtsi tea !k‘ prttportional to the aibsohtte pren'^ure, we hatve 

H47 > _ ^ 

1 5 ' I 

or iilxjut *500® F. 'risis result, whk h tlrjs-ndx «»i» the assumption 
that the proiwrties of the iharge in the t ylindrr «»f at gats fngine 


I 
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are and remain the same as those of fijases at ordinary tempera- 
tures, can he taken as a tirst approximation only. 

In connection with tests on :i j^as-engine (see ])age 350) using 
illuminating-gas, Pndessor Meyer makes a careful investigation 
of the temperaturi' which might he develope<l in the cylinder 
of :i gas-engine if the charge were completely burned in a non- 
conducting cylinder. 'The results only will be quoted here. 
The eompositic'n of the gas will be found on jrage 31!), from 
which it ai*pears that it was probaldy coal-gas resiunlding 
Manchester gas, and not di!Tt‘ring very radically from Boston 
gas, by us<- of whicli Fig. 72 was obtained. The pressure at 
the end of compression was 6q ]«Hmds l>y the gauge, and after 
explosion was 2JO pounds, so that the conditions were not very 
dilTerent from those of h'ig. 7^, except that the pressure on the 
comi)re.ssion line is not on the ordinate for measuring the max- 
imum pre.ssure, and tlterefore the parallel ealeulalit)n cannot be 
made. 

On the asstimption of c<»nstant s|H*d)tc heals l'rofe.s.sor Meyer 
finds that ctunplete combustion shouhl give 4250° F. in a non- 
conducting cylinder, but using Mallard and Le Chatelicr’s 
eciuation for spta'itic heats at high temperatures he gets 3330* F. 
Those experimenters report that dissiK’iution of carbon monoxide 
bcgims at about 3200** F., and of steam at aljout 4500° F.; hut 
the di.ssociation is .slight at those tempenitures, 'Fhough the 
subject is .still obscure, it appears fair to a.ssume that the failure 
to reach the temperatures which can be computed for eomplete 
combustion, can Iw charged in part to suppression of eomlntstion 
on account of the high tem{KTature in the cylinder. 

After Burning. — Accompanying the suppre.ssion of heat on 
account of the appr<«ieh to the temperature of tli.ssocuition is 
the development of heat during exjiansion which extends in some 
cases to release, tks is imiicattsl by a flicker of dame into the 
exhaust; explosions in th<* mufllers of automobile.s are attributabhi 
to this action. 'I'he fact that the expansion curve approaches 
the adiabatic lin<* during expansion i.s indirect evidence of after- 
burning, because the water jacket withdraws heat at the .same 
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time. The actual expamsbn lim- is less steep than tlu' lu 
for gas, and fur large gas engines can approach the cc 
rei)resente(i hy the equtiliuti 

^,>■3 ,, 

but a jiart of this action can be attributed to the pres 
carbon monoxide and steam in the products of combu>t»m 
may reduce the exponent i>f the adiabatit line from i. 

Water-Jackets, - .Ml except very small internal emn 
engines htive the hea<is ami barrels of the cylimier cta 
water-jackets; large engines commonly have the pistoiw 
with water, and doulrle acting engines have the piston n 
stuffing- Ijoxes cooled. Not uiuttmmonly the valves c 
engines are cooled, and if .such engines use rich gase 
cooling surface is pravidetl in th«> elvargitig spate or c 
chamber; the latter devitf is tti uvoiil pre ignition, 
former is in part for the same purpose. 

Primarily, water jtiekels ttre to prtitect the metal of the 
and to make lubrication ptis.siblc. The use of jiu kets in 
ctnding devices has been eonsitleretl a meehanieal necessil 
many inventors have sought tt» avoid; but it appears lik 
it is only a fiue.stion whether the heat shall be withtlru' 
water-jacket, or whether the heat shall be stippressetl by t 
tion anti thntwn out in the exhaust. I.ttrge engines, wh 
lesit exposed area per cubic foot of t ylimier t imtenis, slit 
jiercentage of heat withdrawn hy the jat ket, but a hir 
centage thrttwn on in the exhaust: the balance Is, hov 
favor of large engine.s whit h show a lieiter eeonttmy. 

Economy and Efficiency. — It is i tislttinary and a! 
tlesirable to rate the ectmtimy ttf gas engines and t»ther 
combiistittn engines in thermjil units }H-r horse power per 
this was ftnmtl to be desirable, if nut iiet eHsiiry, f»tr 
the means of imprttving the performam e of steam engin 
as steam-engine.s are comnmnly ratetl in terms of st 
horse-power {H*r htnir, so alstt gas fngines have been 
terms of cubic feet of gas per hor.se power per hour, ami 
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and oil-engines have been ruled in |)ounds of fuel per horse- 
power per hour. 'I’he variation in the fuel used for such engines 
makes the secon<lary inetlKtds less satisfactory than rating engines 
on sleam-eonsumption, so that it should be employed only when 
the calorific capacity of the fuel cannot be determined or 
estimated. 

I Since the heat equivalent of a horse power is 42.42 thermal 

units per minute, the actual thermal efficiency of an internal- 
combustion engine can be determined by dividing that figure 
bv the thermal units consumed by the engine per horse-power 
per minute. For example, the engine tested by Professor Meyer 
used about 170 thermal units per horse-power per minute, 
and its thermal elliciemy was 0.25, using the indicated horse- 
r power, 'Phe ratio of the cartridge space to the wholi' volume 

[• j 

f -1-, so tluit equation (187) gives in this case 0.42 for the 

■ 3-84’ 

nominal theoretical efficiency; conseijuently the ratio of the 
efficiencies is nearly 0.60. 

By a somi'what intricate method Professor Meyer cumputeil 
the efficiency for two tests on th<‘ engine for wliich details are 
given on page 350. on the assumption that complete combustion 
S occurred in a non comlucting cylinder. 'Phe ratio of gas to air 

I in one test was one to 8.q, and in the other one to 1 2. A.ssuming 

i that the specific heat of tlie mixture in the cylindi'r before and 

I after explosion, remained constant, he found for the first test 

( an efficiency of o.^qH, and for the sei'ond 0.403; but making u.se 

of Mallard and he {'hatelier’s investigations on specific heats at 
: high temperatures, he found for the efficiencies o.sgy and 0.318. 

The values for constant specific heat iliffer but little from the 
nominal theoretical efficiency; in fact, if the exponent be reducetl 
from 0.405 to 0.3H, the nominal efficiency becomes 0.40, which 
is a very close coincidence. But the efficiencies computed from 
I the heat-consumptions for these two tests are 0.353 and 0.241). 

' If then the nominal theoretical efficiency, or the efficiency which 

Professor Meyer calculated on assumption of constant specific 
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heat, be taken as the basis of comparison, the engine 
the ratio of actual to theoretical efficiency, 

°'253 0-39 ^ = o- 64 j or 0.249 0-403 = 0.62 

If, however, we take his second values with variable specific heat, 
we have 

0.253 0.297 = 0.85, or 0.249 0.318 = 0.78. 

Professor Meyer uses these computations to emphasize the 
importance of better knowledge of the properties of the working 
substance in the cylinder of an internal-combustion engine; 
because, if the nominal theoretical efficiency be taken for the 
basis of comparison, there appears to be room for material 
improvement in the economy of the engine; whereas, if the 
second set of computations is taken as the basis, there is little 
prospect of improvement. In conclusion, attention is called to 
the fact that these tests were on a small engine which developed 
only ten brake horse-power. 

In the discussion of efficiency we have thus far made use of the 
heat-consumption per indicated horse-power, which is proper, 
because the fluid efficiency (or the efficiency of the action of the 
working substance) should for this purpose be preserved from 
conffision with -the friction and mechanical efficiency of the 
engine. For the same reason, and also because the power of a 
steam-engine can be determined satisfactorily by the indicator, 
we used indicated horse-power in the discussion of steam-engine 
economy. There is, however, a reason why the indicated power 
is not a satisfactory basis for the discussion of the economy of 
internal-combustion engines, namely, the fact that a series of 
successive diagrams taken without removing the pencil from the 
paper on the indicator drum, will show a wide dispersion, due 
to the varying explosive action in the cylinder even when con- 
ditions are most favorable. When the engine is governed by 
omitting explosions, this difficulty is much aggravated on account 
of the negative work of idly drawing in, compressing, and expel- 
ling air. 

Fig. 74 shows a diagram taken from the same enginfe as Fig. 
72, page 313, but with a fifty-pound spring and a stop to prevent 








ftn, fn* 

shown bv tlu- furvf «//», aflt-r which the engine* draws a charge 
of air (without gas) and comjeresses it on the upper curve from 
c to (I; on tlie return stroke the indicator follows the hnver 
curve from d to c, so that the loop represents work done by the 
engine; linally the air is exbaustetl, while the indicator draws 
the line te. 'I'o explain the dii’ference between the exhaust lines 
ab and cc with spent gas and with air only, it may be noted that 
there is a marked drottping of the exhaust line a to tilxuit one- 
fifth of the stroke from />; this feature is more marked in Fig. y.p 
which shows the exhaust stroke to a larger scale, 'rids droop 
may be attributed to the inertia of the column of gas in the 
exhaust piia*; th<* smaller volume of air which is exhausted with 
gradually rising |>resHur«* does not hapjam to develop this feature 
in such a way as to proiluce the residt shown in Fig. 7.?, 'Fids 
drop of pressure in the exhaust [ape may be accentuated by 
adjusting the length of tlie e.xhuu.st pipe so as to give a partial 
vacuum just before the engine take.s its next charge; when this 
action is obtained, the air valve is opened Iwfore the gas-valve, 
and fresh air is drawn through the cylintler to produce a scav- 
enging effect before the engine take.s a new charge. At one 


the indicator piston from rising too high which exhibits the 
effects of an idle cycle and other features. A portion of the 
expansion curve is shown, with oscillations due* to the piston 
suddenly leaving the slop. 'File exhaust of the spent gases is 
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time considerable importance was given to scavenging to clear 
out spent gas, but it attracts less importance now for four-cycle 
engines. 

In indicating a gas-engine, allowance is, of course, made for 
the negative work of exhaust and filling; if an explosion is missed, 
allowance for the negative work for the operation shown on 
Fig. 74 should be made for each idle cycle, and when the engine 
has only a few working cycles the error of taking proper account 
of the negative work may be very large. This is, of course, 
another reason why comparisons are best based on brake horse- 
power. As can be seen from Table XXXV on page 350, the 
mechanical efficiency may range from 60 per cent to 80 per cent, 
depending mainly on the power developed; these figures are for 
continuous explosions, and the efficiency is liable to be much 
reduced if explosions are omitted at reduced power. 

Two-cycle engines commonly have a compression pump 
which supplies the mixture of gas and air at a pressure of five or 
ten pounds above the atmosphere; in such case the work of com- 
pression must be determined separately and allowed for, in the 
measurement of the indicated horse-power. 

Valve-Gear. — The supply and exhaust parts for an internal- 
combustion engine are always separate, so that there are at 
least two valves (or the equivalent) for each working end of a 
cylinder; there is also for a gas-engine a separate valve for 
admitting or controlling the supply of gas. The valves are 
.usually plain disk or mushroom valves with mitered seats; in 
some cases double-beat valves are used on large engines. Very 
commonly two-cycle engines exhaust through ports cut through 
the cylinder walls and opened by the piston itself, which over- 
runs them near the end of its stroke; in at least one case the 
exhaust-valves of a four-cycle engine are water-cooled hollow 
piston-valves, but that construction appears to be exceptional 

The exhaust-valves are always positively controlled, since they 
must remain closed against pressure in the cylinder until the 
proper time. The inlet valves may be operated by the pressure 
of the operating fluid, opening during the suction stroke and 
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remaining closed during the compression, expansion, and exhaust 
strokes ; but very commonly the admission valves both for air 
and for gas (when the latter are separate) are' positively con- 
trolled, and for very high speeds this action is necessary. 

From what has been said, it will be evident that the general 
problem of the design of the valve-gear for an internal-combus- 
tion engine resembles that for a four-valve steam-engine, espe- 
cially that type of steam-engine valve-gear which uses simple 
lift- valves. The solution which is most evident and most com- 
monly chosen is some form of cam-gear; usually the valves are 
held shut by springs, and are opened by cams on a cam-shaft 
either directly or through linkages. This cam-shaft is conven- 
iently placed parallel to the axis of the cyhnder and driven from 
the main shaft through bevel-gears; the four-cycle engine has 
the gear in the ratio of one to two, so that the cam-shaft makes 
one revolution for two revolutions of the engine in order to 
properly time the four principal operations of the cycle. The 
spring closing a valve must be properly designed not only to 
give the required pressure to hold the valve shut, but to provide 
the proper "acceleration so that the valves shall remain under 
the control of the cam when closing. The cam-shaft, in addi- 
tion to the cams for the normal action of the engine, carries cams 
which facilitate starting the engine. 

Starting Devices. — Since an internal-combustion engine must 
do the work of drawing in and compressing its charge before 
energy is developed by explosion, some special device is required 
to start such an engine, involving the use of power from an 
external source. It is seldom if ever convenient to apply power 
sufficient to start an engine under its load, and consequently 
there must be some disengagement gear to allow the engine to 
start without load, except in cases where the load is developed 
only as the engine comes up to speed. 

A small engine can be started by hand, by turning the fly- 
wheel or by working a special hand-gear; the latter should have 
a ratchet or clutch which will release or throw it out of gear 
as soon as the engine starts. The engine is driven by hand until 


326 


INTERNAL-COMBUSTION ENGINES 


the operations of charging, compressing, and igniting are per- 
formed, whereupon the engine should start promptly. Except 
for very gmall sizes, there is a special cam that may be thrown 
into action, and which holds the exhaust-valve open till the 
piston has completed about half the compression stroke, during 
which the charge is partially wasted; by this device the labor of 
compression is much reduced. When an engine is started in 
this manner the ignition should be delayed until the piston is 
past the dead-point, otherwise the engine is liable to start back- 
ward. The disengagement clutch will not act in such case, 
and there is great danger of an accident. 

When electric or other external power can be substituted for 
hand-power, this method can be used for starting engines of 
large size. 

A very common device is to start the engine with compressed 
air from a tank at a pressure of loo to 200 pounds per square 
inch. This air is supplied to the tank by a pump driven by 
the engine when necessary. To start the engine the cylinder is 
disconnected temporarily from the ordinary gas and air supply, 
and is worked like a compressed-air engine until well under 
way, whereupon the compressed air is shut off and the normal 
action is restored. The air can be supplied from the tank by 
valves controlled by hand or by a special gear. If the engine 
has more than one cylinder, compressed air may be supplied to 
one only, and the other cylinder (or cylinders) may act in the 
usual manner, except that the compression may be reduced till 
the engine is started. 

At one time gas was withdrawn from the cylinder during the 
compression stroke, and stood in a reservoir to be used for start- 
ing. Such gas could be used at a pressure of 60 to 90 pounds, 
to start the engine as just described; or the piston could be set 
beyond the dead-point ready to start, gas could be supplied 
under pressure and ignited. There is, of course, some objection 
to the storage of explosive mixtures, though there is no reason 
why the reservoir should not be made able to endure an explosion. 

Governing and Regulating. — There are four ways available 


GOVERNING AND REGUI.ATING 


for coni rolling the power of an internal-combustion engine: (i) 
by regulating the proportion of air and fuel, (2) by regulating 
the amount of air and fuel without changing the proportion, 
(3) by omitting the supply of fuel during a part of the cycles, (4) 
delaying ignition. 

(1 ) Ri'gulation by controlling the supjjly of fuel is the normal 
method for engines working on the Joule or Brayton cycle with 
cumpressioti in a separate cylinder, for which a theoretical dis- 
cussion is given on page 305. For this cycle there is no exjilo- 
sion, hut tht> gaseous or liciuid fuel can be burned during admis- 
.sion in any proportion. 

'I'he Brayton engine had a double control for variation in 
load. In the first [ilaci' a ball-governor shortened the cut-off 
for the working cylinder when the speed increased on account 
of reduction in the load; this had the effect of raising the pn's- 
sure in the air re.servoir into which the air-pump delivered, since 
that pump deliviTcil nearly the .same weight of air per stroke 
under all conditions. In the .second place, there was an arrange- 
ment for shortening the .stroke of the little oil-pump when the 
pressure increased; so that indirectly the amount of fuel was 
proportioned to the loath A similar effect was produced when 
the engine was designed to use gas. 

For the Diesel motor, to be described later, the fuel supiily 
can he adjusted to the power tlemanded for all conditions of 
service. 

But for gas-engines it has not been found practicable to con- 
trol the engine by regulating the mixture of gas and air except 
within narrow ranges, 'riiis comes from the fact that very rich 
or very JKior mixtures of gas and air will not explode. Exi>eri- 
ments at the Ma.s.sachusetts Institute of Technology show that 
illuminating.gas will exphule at atmo.spheric pressure with 
the ratio of gas to air varying from 1:15 to 1:3.5. Weaker mix- 
ture.s can be explodeci in a gas-engine after compression. Again, 
gas may be supplied in such a way that the mixture near the 
point of ignition may be rich enough to explode promptly and 
fire the remainder of the charge. The ignition of weak mix- 
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tures should occur before the end of the compression stroke, so 
that even though the explosion is slow it may be completed near 
the beginning of the working stroke. 

The tests on page 350 show that with the ratio of gas to air 
varying from i : 8 to i : 12 the power may vary from 10 to 6 
brake horse-power. 

This discussion of the possibility of varying the power by 
varying the mixture of gas and air would appear to show that 
for many purposes that should be a practicable way of governing 
a gas-engine. Nevertheless it is used very little if at all, although 
it was tried early. 

(2) The common way of governing large gas-engines is to 
vary the supply of the mixture without varying its proportions. 
There are two ways of accomplishing this : in the first place the 
charge may be throttled so that a less weight is drawn in at a 
lower pressure; in the second place the admission valve may be 
closed before the end of the filling stroke, thus cutting ofi the 
supply. The effect of throttling is to increase to a marked extent 
the reduction of pressure during the filling stroke with a corre- 
sponding increase in the negative work; the area of the loop 
like that shown by Fig. 72, page 313, will increase. The effect 
of closing the inlet- valve before the end of the filling stroke is 
to produce a diagram similar to Fig. 70, page 310. The charge 
is drawn in at a pressure a little below that of the atmosphere 
as far as the point C; then the piston goes on to the end of the 
stroke with an expansion that could be represented by produ- 
cing the curve DC] the return stroke produces a compression 
that can be represented by retracing the produced part of the 
curve from C* and then drawing the true compression curve 
CD. In practice the indicator diagram will show a small nega- 
tive work due to the expansion and compression caused by the 
early closing, of the supply- valve, but the loss on that account is 
less than by throttling. 

■ (3) The third way of controlling a gas-engine is to cut off 
the gas supply so that the engine draws in a charge of air only 
and makes an idle cycle, represented by Fig. 74, page 323. At 
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small jHiwiT the lu-gativc- work (if idle cycles very much reduces 
the brake econoiny of the engine. Now, a single-acting four- 
cycle engine has only one working stroke in four, and must fur- 
nish between times the work of expulsion, filling, and comjires- 
sion, and even with a very lieavy fly-wheel will show an irregu- 
' ’ larity in speed of revolution that is very olrjectionabk* for many 

jiurposes. 'This dillicidty is very much increased if the engine 
is governed by omitting exphtsions on the hit or-miss principle. 

{.)) Delaying ignition is one of the favorite ways of reducing 
the ])ower of automobile engines on account of its convenience; 
it is little used for other engines, and is very wa.sleful of fuel, 
as there is not time for proper combu.stion. 

Ignition. - 'I'he ignition of the charge may be produced by 
one of three- metl)<»ds: ( t j by an electric spark, (2) by a hot tube, 
or (3) by compression in a hot chamlaT. 

(i) 'I'he electric spark may be produced in one of two ways, 
I — by the make and break mc-tliod, or l>y the jump .s[iark method, 

[ For the first method a nujvable piece is worked inside the c-ylin- 

der walls, which c loses a primary circuit .some time before igni- 
' tion is desirc-d; the slight closing spark has no efTect. At the 

1 proper time the moving mechanism l>reaks the circuit, and a 

good spark is made- between the terminals, which are tipped 
with platinum. A cctil in the circuit intensifies or fattens the 
opening sjiark. The simrk cdtlained by tliis method is likc-ly 
to be better than the Jump sjtiirk, l)Ut thew is the gri-at incon- 
venience of a moving mechanism in a cylinder exposed to very 
high ]>rt‘ssure, and the motion must Ik* communicated by a 
piece which enters the cylinder through a .stulTmg-box. 

'I'he jump spark iH-tween two platinum terminals in an insu- 
lated spark plug, screwed through the cylinder wall, is a high- 
tension .spark in a .secondary circuit made Ity a circuit-breaker 
outside cd the cylinder. The movulile parts in thi.s ca.se are under 
oljservation and can be {uijusted, and the spark-plug can be 
easily withdrawn htr examination or rc*newal. Freciuently there 
are two plugs that can !«• worked individually or together, or 
both raakc'-ancb break and Jump-sparks may be su{>plied. 
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'rhi* lirt'iiii insiy !m* ^llltl»lirll by ;i jtriiiutrv buHcrv.ur maybe 
gencratrii in' a ^mall tlyiiamn ilrivt-a i.v tin* l•nKi^t^ m- may he 
supplifil from any I'onvfiiU'nl MUirn*. Wln-n a (lyiuuiut is sup- 
plifd. the crngim- is usually startfii l.y aul of a isitlrry. 

I'lm flfiirb *'f ignition wa> ihr l•a^lit•st usnl in the 

history of tlu- gas i-ngino. ami though it w.t.s at om- tiin.- iifgh-cUHl, 
now temls t«> iHitum- universal. 

ta) The hot tiihf rt-tjuirt-s only a stnail iron isiIk', which Ls 
kept rctl hot by a litinsfit hiirnrf or otlicf hc.itiitg tlamc. The 
tula* t-ofws out hori/ainutUy front tin- tylimlrr, ami sonu-times 
i^ iiirnwl ti|»vvjiril f<»r lonvcnimn- iti h«*,tiiitg. At the [irtuHT 
time the explosive mixture in the tyHn.bi is ,o!initlr*l to the 
tube by a valve whit h is tvorkesl by the engine. Sometimt‘.H 
the lithe ha.s an inlet vahe at the outer end to ventilate the 
tube with air tirawn in ibirlng the tilling siioke. This methtxi 
has Imen whlely used in llreiu Htitain, where the elertrical 
methcMl has met with little favor, though the prejudite against 
it is passing away. 

(0 Ignition by compressing the i barge in a httl rhamlHT is 
used ex.hisively in oil engim-s, and is an ingenious example of 
i.rlviintiitfe of a condition that at iirst sight apiM’iirs t« Itc 
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same way. Premature e.xplo.sum in a small engine after it is 
started may be an im'onvenience, but in a large engine it may- 
lead to an aeeident. 

Gas-Producers.- gas- producer is e.ssentially a furnace 

which burns coal or other fuel with a restricted air supply, .so 
that the combustion is incomplete and the products of combus- 
tion are callable of further combustion. In its simplest form a 
gas-produc<'r will deli%-er a mi.xture of carbon monoxide and 
nitrogen together with small [lercentages of carbon dioxidt' oxygen < 

and hy<lrogen. If a proper jiroportion of steam is sitjiplied with 
the air, its decomposition in c<intact with the inc-andescent fuel 
■ft’ill yield free hydrogen, and the gas will give a higher pressure 
when exploded, aiul devehip more }iower in the engine cylinder. 

When g;is is pmduced on a large scale in a stationary jilant, 
intricate devices may 1«‘ usi-d to rectify the gas and .save the 
by-products, whi» h are likely to be so imiiortant as to control | 

the methods employed. The most important by pnxluct at 
the pre.sent time appears to be ammonium .suli»hate, which is 
used as a fertili/.er, an<l for this reason a cotil is preferred which 
has a relatively large iiro|iortion of nitrogen. At a certain 
station a coal containing three [ler cent of nitrogen produced 
crude ammonium sulphate that could be .sold for half the price 
of the coal. 'Phis liranch <if chemical engineering is a specialty 
of growing importance, and an aderiuate treatment of it would 
demand a .separate treatis«% Such plants, especially when the 
gas is used for heating furnaces as well as for power, are worked 
umler pressure, the air and steam being blown into the furnace. 

When a produ<-er supplies gas for power only, there is a great 
gain in simplicity and in certainty of control, if the producer is 
worked by suction, the engine being allowed to draw its chargt' 
directly from the prtiducer. During the suction stroke there 
must he a sulltt ieiu vacuum in the engine cylinder to work the 
producer; tltis amounts to alsiut two pounds below the atmo.s- 
phere. 'Phere is no attempt in this ea.se to save by produet.s, 
and the fuel must he t hosen s*) that comparatively .simpli* reelify- 
ing devices will give a gas that will not clog the engine. At 
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cite; those that burn bituminous coal must have some method 
of dealing with tarry matter. Sometimes this is accomplished 
by passing the gas through a sawdust cleaner; sometimes a 
centrifugal extractor is added. Some makers remove the tar 
by care in cooling before the gas comes in contact with water. 
Others pass the distillate through the fire, and thus change it 
into light gas or burn it; with this in view, some producers work 
with a down-draught. It is probable that different kinds of 
fuel will need different treatments. 

‘ Blast-furnace Gas. — From the composition of blast-furnace 

! gas on page 316, it is evident that it differs from producer-gas 

j only in that it contains very little hydrogen, and therefore is 

J like the gas that would be made in a producer working without 

steam. During the operation of the furnace the composition 
is liable to vary and the gas may become too weak; to remedy 
this difficulty, it is desirable to mingle the gases from two or 
more furnaces. Since the gas available from a furnace may 
be equivalent to 2000 horse-power, it is evident that installations 
to develop power from that source must be on a very large 
: scale. 

The gas from a blast-furnace is charged with a large amount 
' of dust, some of which is metallic oxide, and readily falls out, 

and the remainder is principally silica and lime which is very 
; fine and light. To remove this fine dust the gas should be 

! passed through a scrubber, which has the additional advantage 

of cooling the gas. 

Other Kinds of Gas. — Any inflammable gas that can be fur- 
, nished with sufficient regularity can be used for developing 

[: power. The gas from coke-ovens is a rich gas resembling 

: producer-gas in its general composition. Natural gas consists 

I of 90 to 95 per cent of methane (CH4) with a small percentage 

! of hydrogen and nitrogen and traces of other gases. This gas 

for complete combustion requires an equal volume of oxygen 
and consequently about five times its volume of air; it is prob- 
able that ten or twelve volumes of air can be used to advantage 
I with this gas in a gas-engine, 

i 
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Gasoline. ■ ■ Thf lightiT uf jK-troli-iim, known as Kaso- 

lim*, arc muiily vajuiriml at alniusj>hfri< prfNsurr. and provide 
thr mast muly mains of suj»|iKinj; find to small t-njdncs; engines 
of srvtTiil hundmi horsr powi-r dovfluprd in st-wral cylinders 
iuive been built for small torpedo lioals. Iml, in general, the use 
of gasoline has been limited by its pri* c ti» t oniparaiively small 
craft and to automobiles; in both tases, whether for pleasure or 
for business, other things than cost of Cue! *!et*'nnitie the selec- 
tion of the engines. 'I'lle same is true for the etsgiues of rela- 
tively small power used for staiionari plants. 

'I'he most vita! feature of the g.tsoline engine is the vaporizer^ 
or eurburetor, am! this deviie h.iste* l ived mm Is ntlentinn, 
espeeiuliy for automobile engines vvhiih are rtm at very high 
speed. 

'I'here are three types of lurbureiois th.ii have bi-en used fur 
gasoline-engines: ft) those dej.emling on dim t vapori/.ation, (a) 
those that tiepeiid on aspiration with a tloat, and {.?) th<«c 
ilrpetuling on aspiration without a tloat. The earliest typivs 
depended on dirett vapori/alion as air was drawn through the 
mass of the lluid, or through or over iil.miis material or u sur- 
faee of wire gau/e; some of the latter tievites depended on such 
a regulation of feed that nearly all the iluid vapori/,ed as it was 
supplied, leaving only a remnant to return to the lank. But 
in any case there was a i hame of frai liotia! vaporiwition which 
resulteil in the proiiutiion of a heavier and less tractable 
(liiid. 

I'he more recent tarbureiors de|wnd on aspiration, the ait 
supply Iring drawn past .vn orilae tor orilicesi l»i which gasti- 
line Is supplied, and from whiih it tan be tirawn by the ait 
more or less in proporiioti as reijuiretl. hor stationary and 
marine engines the supply of gastiline to the aspiraltir can he 
nicely regulated by a tloat whii h keeps a small t luimber filled 
just to the level of the aspirating tifilues, so that the inrusluof 
air may draw tmt the gastilim- in j«roprr propttrlion. This 
tlevice has been trieti tm auttunobiles, but the shaking of the 
machine disturbs the jiro|«r atlion ui ifr lloat. 
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A third form of <arl>uri-ior is illustrated by Fig. 76. Here 
the gasoline is supplied by a pipe E to a valve that may be set 
to give go<td averag<- action. Below i.s a fine conical valve at 
the end of a v<'rtical rod which is 
held up by a light spring; at the 
middle i>f the spindle is a disk- 
valve which lit sloo.si'ly in a sleeve, _c 
At (1(1 are air inlet valves, ami at 
A is the entrance to the cylimler. 

During the suction or tilling .stroke 
the spindle is drawn down, oiiening 
the valve at the top of the spindle 
and allowing the air to draw 
gasoline by aspiration. Some of 
the hot products of tomluislion 
from tht‘ exhaust are (irculatiai 
around the asiiiniting chamlier to 
prevent undue reduction of tem- 
perature. 'Phis tyjH' of carluiretor 
works well i-mmgh :it mtalerate 
speeds, but ;U very high speeds the inertia of the sjiindlc 
and disk-valve cannot be overcome rapidly enough by the air, 
which is con.seijuently throttled, .so that there is not the increast; 
of power which miglit properly be <-x])ecte«l at such speeds. 

It is alleged that this type of vajiorizer, or carburetor, can be 
made to deal with kerosene oil and aleohol. 

Kerosene Oil. — 'Phe use of kerosene oil has been developed 
to the greatest extent in England, on acetmru of former restric- 
tions on the transportation ami storage (»f gasoline. It has 
been used in America where there is objection to gastvline. 

There is much difftculty in vapitrizing or spraying kerosene 
oil so that it can la* pro}K'rly mixet! with air at the temperature 
for the supply to an engine. On the other hand, any attempt 
to vaporize the oil at a high temjHTature results in the deposit 
of a hard graphitie material. 

One f)f the most .Hucci‘ssfui English engineers frankly acci-pts 
the latter alternative. 'Phe es.Hential feature of the curl)urelor 
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of this ongim- is shown in Fij'. 77, wiiii h ;i \i-iiual sivtum 
of tho cylitnkr hoiui unti of th<' \aiiorirt't ; ilu> n-tiiaintlfr of 
tin* i-ngini' liitTors in no oxsctnial liarticuUir 
/SS, M-‘?' niif.ino. 'Phis 

/ j va{Mtri/.i'r, wluth h.is a l■(^ns(ti< ^t•tl m-ck, is 
V * r-iii iHilti’d lu dll' i vliinh'i' licati ; ihc forwani 

vml is jai'kftni vuth wator, as is also tho 
" cylitnlnr of tho rnj;inr; hut the after end, 

whit h is rilthet! ijitt-rnallv, is not jaeketed; it 
t onset jiienlh remains at a red ht‘iU when 
the engine is running. 'Fite oil foi eat h es|il*tsion is tlelivered 
into this lu»t end of the vuj»ori-ter, ami i. \aitoii/.t'il ami mingles 
with the tmt s|M'ttl gases; lowaiii the titti of tlie t oinjtre.H.sitm 
stnike the ehurge of air whit ti has het n .liawn in ami eom- 
jirt'Hseii enters the vajatri/.ft' am! an e\|»losion on tits. When 
the vai>t<ri/er head has beetime t ioggetl, aUi t .* [ to joo hours 
running, tle|iendtng on the kiml tif oil iiseti, it i, taken otT and 
the hard atlherenl iiri«*sii is reinovei!; to uMtid ilelay a .seeond 
liead is put on for a tiirresjainding nm. 'I'his engine is 
governed by ctmlrolling the oil supply; the govetmtr ojams a 
iiypa.ss valve on the oil siijiply pipe ami allows a pari lu return 
to the tank. 'Fhe hit or miss prim iple is not applit ahle, as the 
vaporizer woultl beeume lot* i iwd. Ueftire starting, llte vaiairizer 
must 1 h’ healitl to a tlull reil by aitl of a ketosetie t»r gasoline 
torch. Tht; engine can Siurn also t rmle jHiroletim, or an 
unrelinetl distilliile rm*mbling kerosene. 

Alcohol. 'I'he tlemaml for gasoline maitilains the price at 


if it t an lie relievei! from sjaa ial laxaltotj. 'Ft* make akohol 
unlit for any but mechanimi pnrjKtses it is mixed with a little 
wtMwl ah tihol amt lamzine; ihis, prtHess, talletl tlmaturizing, ha.s 


hmitetl to a .small m-rt imtagt 


• of all olml for pt»wer m this 
(ossibir iimier the internal- 
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api)c*ars to l>o no reason why there should Ire trouble in ihi* use 
of some form of earburetor like those used for gasoline engines. 

The Four-cycle Engine. -- h’ig. 78 gives u vertietil section of a 
Westinghouse four cycle gas engine built in various sizes, up to 85 
horse power with one cylimler, and up to 3O0 with three cylinders. 
Massive engines of this type tire horizontal with doubh^- 
acting pistons, htuing 
two cylitulers tandem 
or four Iwin-liindem. 

It is .somewhat curious 
thiit while mtissive 
steam-engines tend to 
wards the upright < on 
struetion, large gtis 
engines appetir to be 
all horizonttd; it tiuiy 
be for the conveniimce 
of the tanth’m arninge 
ment. In Fig. ',8 the 
frame of the engine is 
arranged to form an 
inclosed crank ttise, 
which is somewhat 
unusutil for gas 
engines. 'I'he jiiston 
is in the ft»rm of si 
plunger,, .so that no c,,,. 

cross-head i.s ni-eded; 

a common arrangement for all excejit massive gas-engines. 
The eylinder htirrel and head are water-jacketed, the inlet 
and e.xits *lH*ing at // and K. tJas and air enter the mixer- 
M by separate pipes (not shown) and pa.s.s by N 
to the inlet vtdve the engine is controlleil hy a throttle-valve 

hall governor Ixmeath the chamher M, 
but omitted from the figure. 'I’he valve is a [lislon valve 
air tind gas pas.sages, which works in si sleeve 


with .separate 


dircctlv connected to a 


chamber 
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that can he muvid hy ham!; tiiis >ltcu- iiki\ l,,' m) (,y 
to give any deNiret! tnixtiire, and tin- i-iojioninii of tlu- inki 
areas for gas ami air having hern .an.- .-i-i. dn- relative- 
areas remain iinthunged, while the goventor adjusts the 
]iiston valve to give the amoiitu of mivtiire tlmt niav lie 
(lemamlev! hy the load on the engine, 'I'ln- inlet valve J and 
the i-sha list valve H are rath niov«-d hy tants at H and at .1 as 
imtirated, the »ains making om revoluli.m for each lUnihk- 
revolution of the engine ret|uired for tin- four stroke evde. 
!.arge si/.es have the evhaiisf valve water i ook-d, to [irevent 
Inirning tlie valve, am! to avoid danger of |<re igniiion. N'eari 
then- is a handh* lor shifting into aviion the starting iam whidi 
redtiees tonijiression when the engine is slatted. .\i /'' are two 
low tension make and hnak ignitors, either of which can be 
timnvn into at lion; they are worked hy cams on the shaft that 
ojH-rafes the valve J . 

Two-cyd« Eugiatt. The two strokes of « four cycle engine 
which exhatisl the sjicnt charge ami draw in the new charge are 
[terformed with a }»ress«rr in the l ylinder only jt little higher or 
lower than that of the alinosdhere, am! could he omitted with 
advanlugc- jirovided the oju-ralions could hr fa-rformed in some 
other way. The lirsi successful ntienijii at a two stroke ryde 
wa.s that hy Dtigald t’ierk, who made the following thange.s: 
1 1 ) he cut it ting of ecdiausi jiorts through the c ylitider walls that 
were over run and oj.ened hy llu- ]<ision near the end of the 
expansion stroke, through which the major part of the spent 
ga.seH c-scajR'd during release; and ui he providc-d a pump .set 
aliccut half a stroke alu ad of the engine piston, whic h ec»mpre.ssP(l 
the new charge to ahmit tc*n pounds ahovc the atmosphere; as 
soon as the e,xlmus| had sullicienily reduced the pressure in the 
cylinder, this nc-w charge* cc|M-ned the- inlet valve and enti'red the 
cylinder, hhnving the remainder of the spi-nl gases out tlirough 
the jatrls in the cylinder walls, ‘I'he piston dosed thc-se ports 
.and eoinjiressed the charge on the- return stroke, so that only 
two strokes were reepdred to iumphie the c yde, aiicl the engine 
approximated the condition of a single acting steam engine in its 
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regularity of rotative \’oltKity. The engine could also develop 
twice as much power for its si/e us a four-cycle engine, and in 
certain tests hy Mr. Clerk, showed a slightly better economy 
than the older type of engine. But the operation of reidacing 
the remnants of the spent charge hy the fresh charge in engines 
of this ty])e is rather <U‘licate, there Iseing a chance that some of 
the .si)enl charge will remain, or that some of the fresh charge 
will be wasted; it is likely that the charges mingle and that the 
engine experiences both defects. Eventually the Clerk (mgine 
w:is withdrawn from the market, but the [jrinciples are us(al for 
two types of engines : ( i ) small gasoline engines for launches and 
other small craft, and (i ) larg<‘ engines built for burning blast- 
furnace gas. 

(lasoline engines of small power and moderate rotative speed 
have been made on the twt> cycle principle by enclosing the 
crank- and conne<’ting rod in a casing, so that the piston may act 
as the compressing pump. Cn the upstroke a charge of air 
and ga.solim- is drawn into the crank ease, and it is slightly com- 
I)rcssed on tlu' down stroke. 'I'here are two .sets of ports cut 
through the cylinder walls near the en<i <»f the down-stroke and 
are optmed by the piston; these are on opposite sides of the 
cylinder; one set, whit h is opened slightly earlier than the other, 
forms the exhaust ports and the other the inlet ports which are in 
communication with the crank case, and therefore supply air 
and ga.soline to replace the spent charge. A barrier is cast on 
the cylinder- head which prevents the fresh charge from flowing 
directly across from the inlet to the exhaust, but nevertheless the 
action h probably much inferior to that of Clerk’s engine, which 
had the charge supplied at the cylinder-head. The.sc engines are 
nearly valvek‘.Hs an<l can run in either direction, and on account 
of the .simplicity and small c<wt have found favor for pr(»pelling 
small craft at mcKlerale speeds. 

If any attempt is made to run two-cycle engines at a high 
rotative speed there is difficulty in obtaining i>roper exhaust 
and supply, since both operations are iH'rformed umler gaseous 
pressure that cannot well la; increased. Recently twt)-cycle 
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engines have been introduced on automobiles to a limited extent. 
Two German engineering firms have developed two-cycle engines 
especially for burning blast-furnace gas on a large scale, as much 
as 1500 horse-power in a single cylinder. 

The Korting engine (built by the de la. Verne Machine 
Company) is a double-acting engine which has a piston nearly 
as long as the stroke of the engine. At the middle of the length 
of the cylinder is a ring of exhaust-ports that are uncovered at 
the end of each stroke, and discharge, burnt gases from first 
one end of the cylinder and then the other. By the side of the 
engine-cylinder, and arranged in tandem so that they can be 
driven by one crank (which has a lead of no®), are two pumps, 
one for compressing air, and the other gas. The capacities 
of the two pumps are designed for the kind of gas to be 
burned. 

The air-pump compresses to eight pounds above the atmos- 
phere and delivers air to the admission valves, which are lifted by 
cams at the time when the release is completed. The governor 
controls a bypass-valve which puts the two ends of the 
pump in communication for about half of the discharge 
stroke of that pump, which accomplishes two purposes. In 
the first place the compression of the gas begins only when the 
bypass-valve is closed, and consequently is to a less pressure 
than that of the air; consequently the air backs up in the gas- 
supply pipe, and when the engine admission valve is opened it 
supplies only air which clears the cylinder of spent gases; after- 
ward the cylinder receives its charge of mixed gas and air. By 
careful design and adjustment it is attempted to fill the cylinder 
without wasting gas at the exhaust-ports, but tests show an appre- 
ciable percentage of unburned gas in the exhaust. And in the 
second place the governor can regulate the closure of the bypass- 
valve so as to adjust the amount of gas to the work. Since the 
range of explosive mixture of blast-furnace gas is not wide, this 
method of regulation appears to be adapted only to fairly uni- 
form loads. 

The Oechelhaiiser gas-engine has two single-acting pistons or 
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plungers in a long open-ended cylinder; these plungers are 
connected to cranks at 180° so that they approach or recede 
from the middle of the cylinder simultaneously. The engine 
has a cross-head at aich end of the cylinder to take the cross- 
thrust of the connecting-rod, so that the engine extends to a 
great length on a horizontal foundation. Toward the crank- 
end of the cylinder there is a ring of exhaust-ports uncovered by 
the inner (or crank-end) piston, and toward the outer end of the 
cylinder there is another row uncovered by the outer piston; a 
])art of tlK‘se outer ports supply air, and a part gas. These air- 
and gas-ports may be controlled by annular valves that arc set 
by hand when the engine uses blast-furnace gas. Under these 
conditions tlv engine is regulated by a governor, which controls 
the pumi)S that supply air and gas. These pumps, which are 
driven from the outer cross-head, have bypass-valves which 
conner-t the two ends and begin to deliver only when the 
bypass valves are shut by the governor, so that the charge is 
adjusted in amount to tin; load. When the engine uses a rich 
gas that has a wide e.xplosive range, the governor controls the 
annular valves at the gas-[)orts and varies the mixture. 

The Diesel Motor. — A new form of internal-combustion 
engine was described by Rudolf Diesel in 1893, which does 
away with many of the diniculties 
of gas- and oil-engines, and which 
at th(‘ .same time gives a much 
higher efliciency. 'fhe essential 
feature of his engine consists in 
the adiabatic compression of 
atmospheric air to a sufilcient 
temperature to ignite the fuel 
which is injected at a determined 
rate during ])art of the exi)ansion 
or working stroke. 

I'lu; the(treti<-al cycle is shown by 
Fig.yy, which represents four .strokes 
of a singk'-acting piston or plun- 
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ger. Atmospheric air is drawn in from a to & and is com- 
pressed from 6 to c to a pressure of 500 pounds to the 
square inch and a temperature of 1000° F. From c to d fuel 
is injected in a finely divided form, and as there is air in 
excess it burns completely at a rate that can be controlled 
by the injection mechanism. Thus far the only fuel used 
is petroleum or some other oil. At d the supply of fuel is 
interrupted, and the remainder of the working stroke, de, 
is an adiabatic expansion. The cycle is completed by a release 
at e and a rejection of the products of combustion from b to a. 

The cycle has a resemblance to that of the Otto engine, but 
differs in that the air only is compressed in the cylinder and 
the combustion is accompanied by an expansion. Diesel, in 
his theoretic discussion of his engine, stipulates that the rate 
of combustion shall be so regulated that the temperature shall 
not rise during the injection of fuel, and that the line cd shall 
therefore be very nearly an isothermal for a perfect gas. Since 
the fuel is added during the operation represented by the line 
cd, the weight of the material in the cylinder increases and its 
physical properties change, so that the line will not be a true 
isothermal. The fact that there is air in excess makes it prob- 



able that these changes of weight and properties will be insig- 
nificant. On the other hand, it is not probable that in practice 
ihe rate of injection of fuel will be regulated so as to give no 
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rise of temperature, or that there is any great advantage in such 
a n-gulalion if the temperature is not allowed to rise too high. 

The diagram from an engine of this type is shown by Fig. 8o, 
which appears to show an introduction of fuel for one-eighth 
or one seventh of the working stroke. It is probable that the 
compre.ssion and the e.vpansion (after the cessation of the fuel 
supply) are not really adiabatic, though as there is nothing but 
dry gas in the cylinder during those operations the deviation 
may not he large. The sides and heads of the cylinders of all 
the engines thus far constructed are water- jacketed, though 
the use of such a water-jacket and the consequent wasste of heat 
was one of tlie diflicultics in the use of internal-combustion 
engines that Diesel .sought to avoid by controlling the rate of 
combustion. I'he st:Hement on page 39 that the maximum 


efficiency is attained by adding heat only at the highest tem- 
perature has no application in this case. The real conditions 
arc that luait cannot at first be added at a temperature higher 
than that tlue to compression (about 1000° F.), but as combus- 
tion jtroceeds heat can lie added at higher temperature and 
with greater efficiency. 'Fhe fuel may be regulated so as to 
avoid temperatures at which dissociation has an influence and 
after burning can be avoided. 

'I’he oil used as fuel is injected in form of a spray by air that 
is compre.ssed sej)arately in a small pump to 30 or 40 pounds 
pressure above that in the main cylinder; of course it is neces- 
.sary to cool this ])ortion of the air after compression to avoid 
premature ignition. 'I'lu* engines that have been used are 
described as giving a clear and nearly dry exhaust. In damp 
wi'ather the exhaust shows a little mokture, probably from the 
c(»mbustion of hydrogiui in the oil. The cylinder when opened 
shows a slight deposit of .soot on the head. It appears there- 
fore that Diesel has succeeded in constructing an engine for 
burning heavy oils with good economy and without the annoy- 
ances of an igniting device. The engines have the further 
advantagt; in that the work can be regulated by the amount 
of fuel supplied, which amount is not controlled, as in explosive 


internal-combustion engines 

engines, by the necessity to form an explosive mixture. The 
discussion of the theoretical efficiency of the cycle shows that 
the efficiency increases as the time of injection of fuel is shortened. 
In practice the engine shows a slight decrease in economy for 
light loads, due probably to the losses by radiation and to the 
water-jacket, which are nearly constant for all loads. 

In the exposition of the theory of his motor, Diesel * claims 
that all kinds of fuel, solid, liquid, and gaseous, can be burned 
in his motor. As yet oil only has been used; the choice of petro- 
leum or other heavy oil has probably been due to the low cost 
of such oils. It is evident that gas may be used in this type 
of engine; the gas can be compressed separately to a pressure 
somewhat higher than that in the main cylinder, much as the 
air is which is used for injecting oil. It does not appear neces- 
sary to cool the gas after compression, as it will burn only when 
supplied with air. 

There appears to be no insurmountable difficulty in supply- 
ing powdered solid fuel to this engine. The presence of the 
ash from such fuel in the cylinder may, however, be expected 
to give trouble. Diesel claims that with a large excess of air 
(for example, a hundred pounds of air for one pound of coal) 
the ash will be swept out of the cylinder with the spent gases 
and will not give trouble; but that claim has not as yet been 
substantiated. 

Diesel’s original discussion of his motor contemplated a com- 
pound compressing-pump, one stage to give isothermal compres- 
sion, and the second stage to give adiabatic compression; also a 
compound motor, the first cylinder having isothermal expansion 
with a supply of fuel, and the second cylinder an adiabatic ex- 
pansion. He gives with that discussion a theoretical diagram 
approaching Carnot’s cycle in appearance and efficiency. If 
this variety of the motor were mechanically practicable it would 
have the defects of Carnot’s cycle for gas, namely, the diagram 
would be very long and attenuated, and even with the very high 
pressures contemplated would give a relatively small power. 

* Rational Heat Motor; Rudolf Diesel, trans. Bryan Donkin. 
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A theorolioal discussion of the i-lBcicncy of the cycle for the 
simple engine as represented liy Fig. 79 may be obtained by 
considering that heat is added at constant temperature from c 
to d and that heat is rejected jit constant volume from <; to b, 
bearing in mind that he and dc represent adiabatic changes. 

From ecpiation (75), page 63, the expression for the heat 
supplied from c to d is, for one [lound of working sulxstance, 


— ,4 hlg 


7 


-4/eniog, 




The heat rejecti'd at constant volume is 


Q, = . c., (n - Tl) ^ (7; ™ 7 \). 


Since the expansion de is adiabatic, 



but since the compression l>e is al.so adiabatic, 



and consequently 



for V, «= t'i,. Replacing 7'„ liy its value in the expression for 
()j, we have 



Finally, the <-lhcii‘ni y appeans to be 






& 


AkR 7 \ log, 


Va 


(188) 


Inspection of the etiuution .shows that the efficiency may 
be increased by raising the temperature 7 \ or by reducing the 
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The e<iusition for efl'iciency gives in this case 

77K X o.=,,7s X 5.,o S 

( \o.o7()6/ 


e - 1 • 


1.405 X 53.22 X 1480 log, 

0.0796 


0.58. 


Engines for Special Purposes. — Small engines can be made 
to give any re(iuire<l degree' of regularity for electrical or other 
purposes, by giving a sunicient weight to the lly-wheel; for 
large power the same object can be attained by using a number 
of cylinders, by making the engine double acting, by the con- 
struction of two cycle engines, or by the combination of two or 
more of these devices. 

The four-cycle engine has not as yet been made reversible, 
and even if the <-omplexity of valve-gear for running in both 
directions could be accepted, it appears likely that a special 
starting device would be- reeptired for every reversal. Reversing 
launches ami iuitomobiles is done by aid of a mechanical revers- 
ing gear, exi'ept that for some small boats a reversing propeller 
is use<i. Such gear for large ships appears to be dangerous as 
well as impracticable. 

'rwo cycle engines would not require much complication of 
valve gear to make them reversible, and would have some 
advantage on account of the greater frecjuency of working 
strokes; they also might re(iuire the use of a starting gear 
for every reversal. .Small launches with two-cycle engines 
are retidily re\'ersed by hand, but such small craft can be 
fended off, and a failure to reverse need not be serious. 

The engine with separate compressing-pump discussed on 
page 305, appi'tirs to show greater promise for marine or other 
purposes wht-re rearly reverstil is essential. Even with the 
pumj) geared directly to the engine, it was found possible to 
reverse a two cylinder engine promptly with a valve-gear but 
little more complicated than that for a .steam-engine. But for 
marine purposes the engines could be placed in two groups; one 












ECONOMY OF GAS-ENGINES 349 



(5) Time of ignition. 

(i ) The influence of compression is indicated theoretically by 
equation (187), page 312, which shows that the efficiency may be 
expected to increase progressively with increasing compression. 
To exhibit this feature and to compare it with the results obtained 
in practice, the following table has been computed for tests 2, 5, 
and 7 of Table XXXV, page 350. The composition of the illumin- 
ating-gas used was similar to that on page 315; the original 
detailed report of these tests shows little variation in composition. 


Number of tests . . 

2 

5 

7 

Ratio of compression 

■ 4-98 

4-59 

3-84 

Theoretical efficiency 

. 0.479 

0.461 

0.420 

Thermal efl&ciency 

. 0.270 

0.264 

0.252 

Ratio 

• 0.564 

0-573 

0.600 


Such a comparison is commonly considered to show that the 
actual efficiency follows the theoretical efficiency, the former 
being based on the indicated horse-power, and being obtained 
by dividing 42.42 (the equivalent of one horse-power in thermal 
units per minute) by the thermal units per indicated horse-power 
per minute. But if the brake horse-power is taken as the basis 
of comparison, as has already been shown to be proper, there 
appears to be practically no advantage in the higher compression 
for the illuminating-gas ; for the power-gas there is no advantage 
in a compression beyond four and a half. There is, however, 
an advantage in that a higher compression gives a larger mean 
effective pressure and greater power. 

(2) A stronger mixture of gas and air may in general be 
expected to yield more work than a weaker one, as is shown by 
comparing the trios of tests with the same compression both for 
illuminating-gas and for power-gas; but there is usually some 
mixture that will give the best economy. This mixture should 
be selected from a proper series of engine-tests rather than by 
some other method, but as this involves a large amount of exper- 
imental work, a satisfactory discussion of this feature is not 
always possible. The tests in Table XXXV show that for both 
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eight to one will give the minimum per brake horse-power. The 
remainder of the table is less conclusive, but it appears likely 
that a ratio of eight volumes of illuminating-gas to one volume 
of air is proper, and that for power-gas the ratio should be some- 
what larger than unity. 

(3) A committee of the Institution of Civil Engineers * tested 
three gas-engines of varying size, but all having the same ratio 
of compression, and tested under the same conditions. The 
results that bear on the question of size are as follows: 

Brake horse-power 5.2 20.9 52.7 

Thermal units per horse-power i)er 
minute 


159 150 143 


It is to t)e remarked that the results just (|uoted are remarkably 
low, but that the composition of the committee and the precau- 
tions taken, place them beyond cavil. It is somewhat difficult to 
account for the difference between the results just quoted, and 
those given in Table XXXV, though part of it is due to the better 
mechanical efficiency of the former. This was estimated to be 
about 0.87, while that of the engine tested by Professor Meyer 
was about 0.72; allowance for this difference may be estimated 
to reduce thi- results of the first test in Table XXXV to 184 
thermal units per brake horse-power per minute. This illus- 
trates an inconvenience of using the brake horse-power as the 
basis of comparison of tests on different engines, since it makes 
the results depend on the mechanical condition of the engine; 
however, this condition is one of the elements of practical 
economy. 

(4) It is likely that an engine will show a better heat economy 
when using a richcT gas, as is indicated by comparing the results 
in Table XXXV with illuminating-gas and with power-gas; but 
there is not sufficient information to make this feature decisive. 

(5) It is customary to time the ignition so that the maximum 
pressure shall come early in the stroke, and that is probably 
conducive to good economy; delaying ignition, as is done on 
automobiles to reduce the power, is known to be very wasteful. 

♦ Ptoc. Insi. Civ. Engrs., vol. dxii, p. 241. 
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development of power by the combination of a Taylor gas-pro- 
ducer with necessary adjuncts, and a three-cylinder Westinghouse 
gas-engine; a detailed report of the tests is given by Messrs. 
Parker, Holmes, and Campbell,* the committee in charge. 

The gas-producer had a diameter of 7 feet inside the brick 
lining, and at the bottom was a revolving ash table 5 feet in 
diameter; the blast was furnished by a steam-blower supplied 
from a battery of boilers used for other purposes; tests were 
made to determine the probable amount of steam taken by the 
blower, but the variation of steam-pressure acting at the blower 
during tests made this determination somewhat unsatisfactory. 
The cost of the steam in coal of the kind used for any test could 
be estimated closely from boiler-tests made with the same coal. 

The gas from the producer passed through a coke-scrubber, 
and then through a centrifugal tar-extractor using a liberal 
amount of water. From the extractor the gas passed through 
a purifier filled with iron shavings to extract sulphur. On the 
way to the engine the gas was measured in a meter. 

The engine-cylinders were 19 inches in diameter and had 22 
inches stroke. At 200 revolutions the engine was rated at 235 
brake horse-power. The engine was belted to a direct-current 
generator, and the energy was absorbed by a water-rheostat. 

The results of a test on a bituminous coal from West Virginia 
have been selected for presentation. The composition of the 


coal by weight and the gas by 

volume are: 


Coal. 


Gas‘. 


Moisture 

2 . 22 

Carbon dioxide . 

. . 8.90 

Volatile matter . . 

• 31-05 

Carbon monoxide 

. . 14-77 

Fixed carbon . . . 

• 59-83 

Oxygen .... 

• • -33 

Ash 

6.90 

Hydrogen . . . 

- - 9-52 



Methane .... 

. . 6.65 

Thermal units 
per pound coal 

1 14224 Nitrogen .... 

- - 59-83 



Thermal units per ] 

1 



cu. ft. (62° F., 1 
14.7 pounds) J 

► 160.5 

1 


♦ XJ. S. Geological Survey, Professional Paper No. 4S. 
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Test on Producer and Engine. 

Duration, hours 

Total coal fired in producer, pounds 

Coal equivalent of steam used by blower, pounds . . 
Coal equivalent of power to drive auxiliary machinery 

Total equivalent coal 

Thermal value of total, equivalent coal, b.t.u. . - . 
Total gas (at 62° F. and 14.7 pounds), cu. ft. ... 

Thermal value of total gas 

Efficiency of producer 

Electrical horse-power 

Mechanical efficiency, estimated 

Brake horse-power 

Gas per horse-power per hour, cubic feet 

Thermal units per horse-power per minute 

Thermal efficiency of brake-power 

Coal per brake horse-power per hour . 

Combined thermal efficiency of producer and engine . 


24 

6,000 

835 

299 

7/134 

[,500,000 
415,660 
>,700,000 
0.657 
199 -3 
0.85 

234- 

74-1 



It is interesting to compare these results of a test on a producer- 
plant with the tests at the pumping-station at Chestnut Hill 
from which the results quoted on page 239 were taken. 

Test at Chestnut Hill Pumping Station. 


Duration hours, 

Coal required by plant, corrected 

Thermal value of George’s Creek coal, estimated 
Heat abstracted from one pound of coal by boiler 

Efficiency of boiler 

Indicated horse-power, engine 

Indicated horse-power, pump 

Mechanical efficiency *. * ’ 

Thermal units per pump horse-power per minute 
Thermal efficiency pump-power ....... 

Combined thermal efficiency pump and boiler . 
Coal per pump horse-power per hour 


If allowance is made for the higher thermal value of George’s 
Creek coal, the coal consumptions are very nearly equivalent. 

A test on a Dowson suction producer by Mr. M. A. Adam * 
gave an efficiency of 0.80 to 0.84 after the producer was well 
started. If the thermal efficiency of an engine using the gas 
may be estimated from 0.20 to 0.24, the combined efficiency may 
be estimated from 0.16 to 0.20, which for anthracite coal would 

' * Proc. Inst. Civ. Engrs., vol. clviii, p. 320. 
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correspond to one pound [)er brake horse-power per hour, or 0.9 
of a pound per indicated horse-power; the makers of producer 
powcr-j)lants are now ready to guarantee a consumption of 
one pound of anthracite per brake horse- |)ower per hour. 

Economy of Oil-Engine. --An engine of the type described on 
page 335 was tested l)y Messrs. A. K. Russell and G. S. Tower * 
of the Massachusetts Institute of Technology. The engine 
had a diameter of 1 1.22 inches and a stroke of 15 inches, and at 
220 revolutions per minute developed ten brake horsc-iK)wer; 
the mechanical eniciency was al)out 0.72, .so that the indicated 
power was about i-t; the clearance or charging space was about 
0.44 of tin- piston <lisplacemenl. 

With kerosene the best economy was 1.5 pounds (>er brake 
horse-power per hour; this kerosene weiglu'd 0.52 pounds 
per gallon, llaslusl at 104“ F., and luul a calorific power of 
17,222 thermal units per iiound. 

The engine was also tested with a crude distillate wlpch 
comes from petroUmm after the kerosene, weighing 6.66 pounds 
per gallon, with a flash point at 14H® F., and having a calorific 
jiower of thermal units per pound; of ihi.s oil the engine 

used 1.3 pounds per brake horse- power per hour. 

'Fhe thermal tinits per horse power per minute were .130 for 
kerosene and 420 for the dLstillate; the thermal efficiencies corre- 
sponding are 0.099 and o.i i on the basis of Imike horse power. 

Economy of a Diesel Motor. — A 70 honse power Diestd 
motor using Russian petroleum, which had a calorific power of 
18,450 thermal units per pound, was tested Iiy l’rofe.s.sor Meyer f 
in 190.P 'I'he diameter of the cylinder was 15.75 inches, the 
stroke was 23.7 inches, and the ratio of compression was 15.4. 
The air pump had a diameter of 2.2 inches ami a stroke of 5.5 
inches. At the normal loud of 69.63 metric honse-powtT by th(‘ 
brake (68.6 English horse-power) the oil -consumption was 0.429 
Iiound per horse power per hour, or 132 thermal units pt'r brake 
horse-power per minute. The thermal efficiency was const;- 
^ fvl, I /r. UPS* 

t MiUeUmnen tiber Fonchungsarbeilm Heft 17, p. ss* 
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256 internal-combustion engines 

quently 0.32. At an overload amounting to 85.7 brake horse- 
power, the oil-consumption was 0.42 pound, and at half load 
(34.4 horse- power) the consumption was 0.50 of a pound. 

Since oil for lubrication of the cylinder is liable to be burned 
together with the fuel, it is specially necessary in tests of engines 
of this type that error from the effect of excessive use of lubri- 
cating-oil is to be guarded against. 

Distribution of Heat. — A very interesting and instructive 
matter in the discussion of tests on gas-engines is the distribution 
of the heat, and especially of the heat that is not changed into 
work. It cannot be considered that all of this lost heat is wasted, 
because any heat-engine must reject heat, and that for the theo- 
retical cycles, which are the limits for practical engines, the 
major part of the heat is unavoidably rejected. 

The following table is taken from a lecture by Mr. Dugald 
Clerk.* 


Dimension 
of Engine. 


6-73 X 13-7 

9.5 X 18.0 
26 X 36 ? 

2 cyls. S 
51.2 X 55.13 


The first three show, together with a notable gain in efficiency, 
a strong tendency to shift the waste heat from the water-jacket 
to the exhaust, as the engine increases in size; the last test is 
from an engine using blast-furnace gas, and which is liberally 
cooled with water. The whole table, and especially the last 
two examples, show that to a large extent an engineer may decide 
in the design of an engine, whether he will withdraw heat by 
thorough cooling, or allow the heat to be suppressed by disso- 
ciation and thrown out in the exhaust. 

Mean Effective Pressure. — In the design of a gas-engine the 
* Forest Lecture. Inst. Civ. Eng. cxliii. p. 21. 


Distribution of Heat. 


Work. 

Jacket. 

Exhaust. 

0. 16 

0.51 

0.31 

0.22 

0.43 

0 - 3 S 

0.28 

0.24 

0*59 

0.28 

0.52 

0.2b 
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first (luostion to he (ietermined is the mean effective pressure 
that is (U'sired or can he obtained. This must depend on the 
fuel and its mixture with air, and on the degree of compression. 
There does not at' the i>resent time appear to be information 
that will serve as the basis of a working theory for determining 
the mean t-lTective pressure even when these features are 
determined. 

It is desirable, in order that the engine shall be powerful and 
compact, that the mean eifeetive prc.sKure shall be high; English 
engineers commonly make u.se of go to loo pounds mean effective 
pressure; but (lerman engineers who have had experience with 
very large engines for which pre-ignition is dangerous, have been 
content with ()o pounds or less. 

Waste-heat Engines, --- On page i 8 o attention was called to 
the fact that the exhaust-steam from a sttxim-engine could be 
used for vafiorixing some fluid like suli)hur dioxide, and that 
thereby the t<‘mperature range could be extended. The only 
tests quoted faile<l to show the ativantage that might be expected 
when this method is used with steam-engines. But the exhaust 
from a gas engine is very hot, probably 1000° F., or over, and 
there appears to be no reason ‘why the heat should be wasted, 
as it couUl readily be used to form steam in a boiler or for other 
purposes. 
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CHAPTER XV. 

COMPRESSED AIR. 

Compressed air is used for transmitting power, for storing 
energy, and for producing refrigeration. Air at moderate 
pressure, produced by blowing-engines, is used in the production 
of iron and steel; and currents of air at slightly higher pressure 
than that of the atmosphere (produced by centrifugal fan- 
blowers) are used to ventilate mines, buildings, and ships, and 
for producing forced draught for steam-boilers. Attention will 
be given mainly to the transmission and storage of energy. The 
production and use of ventilating currents require and are sus- 
ceptible of but little theoretical- treatment. Refrigeration will 
be reserved for another chapter. 

A treatment of the transmission of power by compressed air 
involves the discussion of air-compressors, of the flow of air 
through pipes, and of compres§ed-air engines or motors. The 
storage of energy differs from the transmission of power in that 
the compressed air, which is forced into a reservoir at high 
pressure, is used at a much lower pressure at the air-motor. 

Air-Compressors. — There are three types of machines used 
for compressing or moving air: (i) piston air-compressors, (2) 
rotary blowers, (3) centrifugal blowers or fans. 

The piston air-compressor is always used for producing high 
pressures. It consists of a piston moving in a cylinder with 
inlet- and exit-valves at each end. Commonly the valves are 
actuated by the air itself, but some compressors have their valves 
moved mechanically. Blowing-engines are usually piston- 
compressors, though the pressures produced are only ten or 
twenty pounds per square inch. 

Rotary blowers have one or more rotating parts, so arranged 
that as they rotate, chambers of varying capacity are formed, 
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which receive air at atmospheric pressure, compress it, and 
deliver it against a higher pressure. They are simple and com- 
pact, but are wasteful of power on account of friction and leakage, 
and are used only for moderate pressures. 

Fan-blowers consist of a number of radial plates or vanes, 
fixed to a horizontal axis and enclosed in a case. When the 
axis and the vanes attached to it are rotated at a high speed, air 
is drawn in through openings near the axis and is driven by 
centrifugal force into the case, from which it flows into the 
delivery-main or duct. Only low pressures, suitable for ventila- 
tion and forced draught, can be produced in this way. But 
little has been done in the development of the theory or the 
determination of the practical efficiency of fan-blowers. Some 
ventilating-fans have their axes parallel to the direction of the 
air-current, and the vanes have a more or less helicoidal form, 
so that they may force the air by direct pressure; they are in 
effect the converse of a windmill, producing instead of being 
driven by the current of air. They are useful rather for moving 
air than for producing a pressure. 

Fluid Piston-Compressors. — It will be shown that the effect 
of clearance is to diminish the capacity of the compressor; con- 
sequently the clearance should be made as small as possible. 
With this in view the valves of compressors and blowers are 
commonly set in the cylinder-heads. Single-acting compressors 
with vertical cylinders have been made with a layer of water or 
some other fluid on top of the piston, which entirely fills the 
clearance-space when the piston is at the end of the stroke. An 
extension of this principle gives what are known as fluid piston- 
compressors.' Such a compressor commonly has a double-acting 
piston in a horizontal cylinder much longer than the stroke of 
the piston, thus giving a large clearance at each end. The 
clearance-spaces extend upward to a considerable height, and the 
admission- and exhaust- valves are placed at or near the top, and 
the entire clearance-space is filled with water. The spaces 
and heights must be so arranged that when the piston is at one 
end of its stroke the water at that end shall fill the clearance 
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ing water into the eylindcr, l)iit experience has shown that the 
work of compression is not much affected by so doing. The 
only effective way of reducing the work of compression is to 
use a comjiound compressor, and to cool the air on the way 
from the first to the second cylinder. Three-stage compressons 
are used for ver_\' high pre.ssure.,. It i.s, however, found that 
air which has been compressed to a high pressure and great 
density i.s more readily cooled during comp'-ession. 

Moisture in the Cylinder. — If water is not injected into the 
cylinder of an air-comi)r<‘ss''r the moisture in the air will depend 
on the hygroscopic condition of the atmosphere. But even if 
the air were saturated witli moisture the absolute and the rela- 
tive weight of water in the cylinder would be insignificant. 
Thus at 60® I', the pressure of .saturate<l steam is alxnit one- 
fourth of a jKHind per .square inch, and the weight of one cubic 
foot i.s aliout 0.0008 of a jKtund, while the weight of one t-ubic 
foot of air is about 0.08 of a pound. It is probable that the 
only etTect of moisture in the atmosphere is to slightly reduce 
the exponent of the eiptation (77), page 64. This conclu- 
sion {iroliably holds when the cylinder is cooled by a water- 
jacket. 

When water i.s sprayed into the cylinder of a compressor 
the temperature of the air and the amount tf vapor mixed with 
it vary, and there is no ready wjiy of determining its condition. 
But, as has b<-en stated, the spraying of water into the cylinder 
does not much reduce the work of compression, and conseiiuenlly 
it is proliiible we can a.ssume that the compression always fol- 
lows the law expressed by an exponential etjuation; such as 

pv* «• “. 

'I'he value to be given to ft is not well known; it may be as 
small its 1.2 for a Iluid piston -compressor, and it may approach 
1.4 when the cooling of the air is inelTective, as is usually the case. 

Power Expended. — 'rhe inilicator- diagram of an air-com- 
pres.sor with no clearance- space is represented by Fig. 81. Air 
is drawn in at atmospheric pressure in the part of the cycle 
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in which the subscripts refer to the normal properties of air at 
freezing-point and at atmospheric pressure. 

If, instead of the specific volume we use the volume of 
air drawn into the compressor we may readily transform equation 
(189) to give the horse-power directly, obtaining 


H. P. = ^44 j . (190) 

33ooo(w-i)<W ) 

where is the pressure of the atmosphere in pounds per square 
inch, and n is the exponent of the equation representing the 
compression curve, which may vary from 1.4 for dry-air com- 
pressors to 1.2 for fluid piston-compressors. 

Effect of Clearance. — The indicator-diagram of an air- 
compressor with clearance may be represented by Fig. 82. 
The end of the stroke expelling air is at a, 
and the air remaining in the cylinder ex- ? — f 
pands from a to d, till the pressure becomes 
equal to the pressure of the atmosphere j 
before the next supply of air is drawn in. Fig. Sa. 

The expansion curve ad may commonly be 
represented by an exponential equation having the same expo- 
nent as the compression curve ch, in which case the air in the 
clearance acts as a cushion which stores and restores energy, 
but does not affect the work done on the air passing through the 
cylinder. The work of compressing one unit of weight of air 
in such a compressor may be calculated by aid of equation 
(189), but the equation (190) for the horse-power cannot be used 
directly. 

The principal effect of clearance is to increase the size of the 
cylinder required for a certain duty in the ratio of the entire 
length of the diagram in Fig. 82 to the length of the line dc. 

Let the clearance be - part of the piston displacement. At 
m 

the beginning of the filling stroke, represented by the point a, 
that volume will be filled with air at the pressure After the 
expansion represented by ad the air in the clearance will have 
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which, combimai with thr i<s]mnrniial njiiaibri 


frt»m whkli thr fiwd lrm}H*raturr at thr rnd of rttmfirrssion 
may Iw* diirrminwl whrn 'I\ i** kmoiii. Whrti water is Usisi 
frwly iti thr lyliudrr of a iomprrssor the liual trtui»‘riiture 
tanruit in* tirtrrmitiril by mlt ulaiion, luit must 1** drlrrniinrii 
from tiwts on « ompri-»A«»rs. 

Contraction tiler Comprestdon. < Jrdinarilv •'rsmprr'.M’d air 
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pressor to the pluee where it is to be used. The loss of pressure 
will be <liseusseil under the head of the How of air in long pipes; 
it should not be large, unless the air is carried a long distance. 
The lo.ss of temperature causes a contraction of volume in two 
ways: first, the volume of the air at a given pressure is directly 
as the absolute temperature; second, the moisture in the air 
(whether brought in by the air or supplied in the condenser) in 
exce.ss of that which will .saturate the air at the lowest temperature 
in the I'onduit, is conden.sed. Provision must be made for 
draining off the comlensed water. The method of estimating 
the contraction of volume due to the condensation of moisture 
will be exhibited later in the calculation of a special problem. 

Interchange of Heat, — 'Phe interchanges of heat between 
the air in the cylinder of tin air-comim.‘.s.sor and the walls of the 
cylinder are the converse of those taking place between the steam 
and the walls of the cylindiT of a steam-engine, and arc much 
less in amount. 'Phe wtills of the cylinder arc never so cool as 
the incoming tiir, nor so wtirm as the air expelled; consequently 
the air receives heat during admission and the beginning of 
compression, ;in<l yields heat during the latter part of com- 
pression and during expulsion. The presence of moisture in 
the air incrctises this ctTect. 

Volume of the Compressor Cylinder. — Let a compressor 
making w revohttions per minute be required to deliver Fg cubic 
feet of air at the temperature F., or 7 \° absolute, and at the 
absolute pre.ssure /), pounds per s<iuarc inch, at the place where 
the air is to be ased. Assuming that the air is dry when it is 
delivered and that the atmosphere is dry when it is taken into 
the eompressur, then the volume drawn into the compressor per 
minute at the temperature T, ami the pressure will be 


p Puli 

* Pj't 


(193) 


cubic feet ; ami this expre.ssion will be correct whatever may be 
the intermeiliate temiKTUtures, pressures, or condition of satura- 
tion of the air. 


CuWrK!'>SEI» AiH 


36(3 

U the* cc3mprcs.''or has n» lU-arami' ihe j>i>tnn dwplacement 
will 1 h' 

7; ........ (194) 

if ihi* rlrarancp is - |«ir« »hr tli^plau mi-nt. dividing 

liy tlu* fiHiwr (Mil) f'ivrs h.r lh» i w.-m 


i 



in i ubit' frvi. 

Thf prt'wurr in ihf tUindi r whrn air Is drawn 

in, is always h^ss than ihi* j»»rs..uri' «*f ihi- atmuNiduTv, anti when 
the air is i.sja-Uftl it is Kriairr than tin- |.rrsM»rt' iiKainsl which 
it is drliviTt’d. iIum- muims and fnnn utlier itiijaTfatiuns 

the (t.mjiresMit ssilt nut itrlisi-r tin- ipianiits «•! air cakulated 
fnim its iliiiu nsiuns, am\ iiiiis««|urnlly tin- viihinu* t.f the cylinder 
as tahulatril, wluihir ssiih i> withi.ut thvuaiur, nuist l>e in- 
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The work of compressing one pound of air from the pressure 
to the pressure p' is 


n. — 1 


The work of compressing one pound from the pressure / to p^ 


IS 


W 


because the air after compression in the first cylinder is cooled 
to the temperature before it is supplied to the second cylinder, 
and consequently fv' = pp^i- The total work of compression is 


W 


- + W', - \{f)’ + © ‘ - 4 (>98) 


and this becomes a minimum when 

n — 1 n — l_ 




becomes a minimum. Differentiating with regard to p^, and 
equating the first differential coefficient to zero, gives 

P ' = (199) 

Since the air is supplied to each cylinder at the temperature 
their volumes should be inversely as the absolute pressures 
aiKi p^. This method also leads to an equal distribution of work 
between the two cylinders, for if the value of / from equation 
(189) is introduced into equations (197) and (198) we shall 
obtain 

and the total work of compression is . 

« — 1 

2n 

'VI. V i \ 

W = 2^1 


1 © " - © 


. . . (201) 



ftlMl'Kl isSKU AIK 




368 

Thr««-8t®ge Compre»8<»r«. VMuis ^<-r\ !uj.'h prtssuns art' 
ri'quirfii, a.s vvlu-rt- air i-' 'im-U rt*i >.i..rint; rjint;^. ii i-, , ustumary 
ti> list* :i ttiiniirf!s.s<»r with a M-rit-. 1*1 ihrn* »Uiti«!ris, through 
whit h thi* air i- !ia>si'ii in sUii i-*'M‘'n. aiu! to t mmI tho ;iir tm tht> 
way from out* lyliwiiT i.i tin* m \t. l! tin initial an.l liii.il [ws- 
siirt-s art* anil />,, ami if p’ ami f ai.- th. luvsstins in tlu* 
imcrmt'tiiiitf rm*ivi*rs in vthiih th«* air is ttn.ini, tht* nmtliiions 
for most tftmtimii at tompri-ssion mav In* ihtUiitti in tin* fttllow- 

ing way: 

'riu* wtirk of ii>mj»ri*Hsiiig om* |iniiml of uii in tin* sfVttal 
rvlintliTS will Ih' , 


) ("f) 


II' « 


S(P‘ 


t I Sp 


ii'. 


H 


^ t, 


(joa) 

( 303 ) 

( 204 ) 


Bill sim I* till* air is t nolrti m tin* initial u miH'rainri* on its way 
from »m* t ylimh r to tin* oiht r so that 

~ 

thi* loliil work of romjirrssing onr jmunit of air will l»r 
II* ^ ti‘, I tr, I ir, 

'i- “ 

1'his t*x|irt*!wbn will In* a minimum whrn 

• ■ -.I, It i * 

(f.) ■ 

Ijftomt-s a minimum; that is, whi*n 

I 

M n I * «_ 

n * ^ n 


>» 

t 


I P" 


90 . I 


(306 1 




KRUrriON AND IMPEkFKCTIONS 


369 


■1 


PR n - 1 p" " n i p., " ^ 

. . (207) 

/ pf « p»/ » 

Equations (206) and (207) lead to 

- pr 

. . (208) 

P"^-P^P. 

■ • (209) 

from which by elimination we have 

/ ^P.^P. 

. .(210) 

and 

P" '^p.p: 

. . (211) 


Since the tcmiicraturc is the same at the admission to each 
of the thn-c cylinders, the volumes of the cylinders should he 
inversely proportional to the absolute itressures p^, f, and p" . 
As with the compound taunpressors, this method of arranging 
a threc’Stagc comi»ressor leads to an e<iual distribution of work 
between the cylinders. For, if the values of p' ami p" from 
cfiuations (aio)and fatifare introduced into e<iuations(202) to 
(204), taking account also of the e<iuation (i()oa) we shall have 



and c(tnse([uently the total work of compression is 

8 .-«. 



Friction and Imperfeetioni. — 'riu* discussion has thus far 
taken no account of friction of the compressor nor of im|)erft‘c- 
tions <iue t(s delay in the action of the valves anti to heating the 
air as it enters the cylinder ttf the compressor. 

From comparisons ot indicator-diagrams taken from the 
steam- and the air cylinders of certain combined steam-engines 
and air t ompressors at Paris, Professor Kennedy found a mechan- 
ical cfliciency of 0.845. Professor CHitermuth found an etheieney 
<jf 0.X7 for a new Riedler eompressor. It will be fair to assume 
an efl'u'ieney of o.H.s; f(»r compressors which are driven by steam- 
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COMPRESSED AIR 


engines; compressors driven by turbines will probably be affected 
to a like extent by friction. 

The following table given by Professor Unwin * shows the 
effect of imperfect valve-action and of heating the entering air 
as deduced from tests on a Dubois-Franfois compressor which 
had a diameter of i8 inches and a stroke of 48 inches. 


RATIO OF ACTUAL AND APPARENT CAPACITIES OF AN 
AIR-COMPRESSOR. 


Piston speed, 
feet ptr 
minute. 

Revolutions 
per minute. 

Ratio of air 
delivered at 
atm ospheric 
pressure and 
temperature to 
volume dis- 
placed by 
piston . 

80 

10 

0.94 

160 

20 

0.92 

200 

25 

0.90 

240 

30 

0.86 

280 

35 

0.78 









This table does not take account of the effect of clearance, 
nor is the clearance for the compressor stated. It is probable 
that five or ten per cent will be enough to allow for imperfect 
valve-action after the effect of clearance is properly calculated. 
The effect of clearance is to require a larger volume of cylinder 
than would be needed without clearance. The effect of imper- 
fect valve-action and of heating of the entering air is to require 
an additional increase in the size of the cylinder of the air-com- 
pressor and also to increase the work of compression. 

Efficiency of Compression. — If air could 
be so cooled during compression that the tem- 
perature should not rise, the compression line 
cb, Fig. 83, would be an isothermal line, 
^0*83. and the work of compressing one pound of air 




* Development and. Transmission of Power, p. 182. 
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would be 


W = + p^V^ loge^ - p{U^-, 


but p^i = p^i for an isothermal change, and consequently 


Pi 


Some investigators have taken the work of isothermal com- 
pression, represented by equation (214), as a basis of comparison 
for compressors, and have considered its ratio to the actual work 
of compression as the efficiency of compression. This throws 
together into one factor the effect of heating during compression 
and the effect of imperfect valve-action. 

Professor Riedler * obtained indicator-diagrams from the 
cylinders of a number of air-compressors and drew upon them 
the diagrams which would represent the work of isothermal 
compression, without clearance or valve losses. A comparison 
of the areas of the isothermal and the actual diagrams gave the 
arbitrary efficiency of compression just described. The following 
table gives his results : 

ARBITRARY EFFICIENCY OF COMPRESSION. 


Type of compressor. 


Colladon, St. Gothard 
do. 

Sturgeon 

Colladon 

Slide-valve 

Paxman 

•Cockerill 

Riedler two-stage . . 


Pressures in 
main, 

atmospheres. 

Lost work in 
per cent of 
useful work. 

Arbitrary 

efl&ciency. 

6 

105.0 

0 . 4^^ 

6 

92.0 

0.521 

3 

94.3 

O-SIS 

4 

3^-15 

0.772 

S 

49-3 

0.670 

6 

42.7 

0.701 

6 

40.2 

0-713 

6 

12.07 

0.892 


A similar comparison for a fluid piston-compressor showed 
an efficiency of 0.84. 

* Development and DistribtUion of Power, Unwin. 
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tcmjKTalurc. 'riu- t-ssciitial features are an asfiirutor for charg- 
ing the water with air, a column of water to give the reciiiired 
])ressure, and a separator to gather the air from the w’ater after 
compression. 'I'he water is lirought to the compressor in a i)en- 
.stock, as it would he to a water wheel, and lielow the dam it Hows 
away in a tailrace; the powiT available is determined from the 
weight of water llowing iind the hea<l in the pensttu'k above the 
tailrace, in the usual manner. Below the dam a shaft is exca- 
vated to a depth proper to give the re(|uired pressure (about 
2.3 feet depth per pound pressure), and then a chamber is e.xca- 
vated to provide space for the .separator. In the shaft is a 
plate-iron pipe or <ylinder, down which the water Hows; after, 
jja.ssing the separator the water ascends in the shaft and Hows 
away til the tailrace. 

The head of the [upe is surr<ninded by a vertical plate iron 
drum into which the penst«>ck leads, .so that water is sujjplied 
to the heat! all round the jteriphery. 'rhe head it.self is formed 
of two inverte<l conical iron castings, .so formed that the sptice 
into which the wati-r flows at first contracts ami then expands; 
the changes of velocity being gradual, no appreciable loss of 
energy ensues. .‘\t tlie throat of the inlet, where the velocity is 
highest, there is a partial vacuum, and air is admitted through 
numerous smsdl pipes .so that the water is charged with bubbles 
of air. 'rite upper conical casting can be set by hand to control 
the supjily of water and air. 

As the mingUsi column of water ami air-bubbles go(‘s down 
the pipe, the air is nunpressed at appreciably the tem[>erature 
of the water. At the lower emi, the pipe e.xpand.s to reduce the 
velocity, and rielivers the air and water into a plate-iron bell; 
the air gathers in the top of the bell, from which it is led by 
a pipe, anti the water e.scnprs under the edge of the Ixdl. Air 
in solution is unavoidably lost, and forms the chief source of 
lo.ss of power in the <ievice, 'I'he air is, of course, .saturated with 
moisture at the temperature <»f the water, but that is probably 
the condititjn of ctimpressed air however produced. I'he 
efficiency of the rompres,sor may be taken as about 0.60 to 
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0-0- making nllmv.'ino- t>>r in ir.iJn.mi^-.i.,n and for the 
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Seaton * states that the efficiency of a vertical single-acting 
air-pump varies from 0.4 to 0.6, and that of a double-acting 
horizontal air-pump from 0.3 to 0.5, depending on the design 
and condition; that is, the volume of air and water actually 
discharged will bear such ratios to the displacement of the 
pump. 

He also gives the following table of ratios of capacity of air- 
pump cylinders to the volume of the engine cylinder or cylinders 
discharging steam into the condenser : 


RATIO OF ENGINE AND AIR-PUMP CYLINDERS. 


Description of Pump. 

Description of Engine. 

Ratio. 

Single-acting vertical .... 

t.t it 

J et-condensing, expansion i ^ to 2 

6 to 8 

Surface- “ ijt02 

8 to 10 

(t t( 

Jet- “ “ 3 to s 

10 to 12 

Ct Ci 

Surface- “ “ 3 to 5 

12 to 15 

it ct 

“ compound . . . 

15 to 18 

Double-acting horizontal . . . 

't tt 

Jet-condensing, expansion ij to 2 

10 to 13 

Surface- “ ‘‘ ij to 2 

13 to 16 

tc tt 

Jet- “ “ 3 to 5 

16 to 19 

tt tc 

Surface- “ “ 3 to 5 

19 to 24 

ct tc 

“ compound . . . 

24 to 28 


Dry-air Pump, — In the recent development of steam-engineer- 
ing, especially for steam-turbines, great emphasis is given to 
obtaining a high vacuum. For this purpose the old form of air- 
pump which withdraws air and water from the condenser has 
been replaced by a feed-pump which takes water only from the 
condenser, and a dry-air pump which removes the air. The air 
is necessarily saturated with moisture at the temperature in j 

the condenser, and allowance must be made for this moisture or ' 

steam, in the design of the pump. For this purpose Dalton ^s law 
. is used, which says that the total pressure in any receptacle con- 1 

taining air and vapor is equal to the sum of the pressures due 
to the air and to the vapor. 

* Manual of Marine Engineering. j 
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; 


i()() X 




X ^ : 

1 5i.<j 0.878 


2980 cubic feet. 


-i.'Jb-.'! 

Assuming the air {>ump to be single-acting and to be con- 
nected directly to the engine which made about 50 revolutions 
per minute, the etTi'Ctive displacement of the air-{)ump bucket 


should be 


.’980 (50 X 60) ■»= 1.0 cubic foot. 


Tt) allow for the effe< t of the air-pump clearance, imperfection 
of valve action, and for variation in the temperature of condens- 
ing water, this <juantity may be increased by 50 to 100 per cent. 

'I'he engine had feet for the diameter and 6 feet for the 
stroke of the low pressure jnston, so that its displacement was 
nearly 50 cubic feet; the air pump hud a diameter of 2 feet and 
a stroke of one foot, so that its <lisplacement was 3.i,t cuIjic 
h-et; the nitio of <lisplacements was about sixteen. This discriip- 
ancy shows that the conveittional method of designing air pumps 
provides liberal capacity. 

Calculation for an Air Compressor. — l.et it be retjuired to find 
the dimensicms of an air ctnnitressor to deliver 300 cubic feet of 
air [HT minute at too pounds {ht .stpiare inch by the gauge, and 
also the horse powuT retjuired t<) drive it. 

If it is assumed that the air is forced into the delivery-pipe 
at the temperatun’ of the atmosj>here, and, further, that there 
is no lo.ss of pressure between the compressor and the delivery- 
l)ipe, etpiatiem (193) for finding the volume drawn into the 
eompre.ssor will be reilueed to 


V 




300 


X }M:1 
« 4-7 


2341 cubic feet. 


If now we sillow five per cent for imperfect vaivc-action and 
for heating the air as it is tirawn into the compressor the appar- 
ent capacity of the comi>ressor will be 

2341 + 0.9s ■■ 2464 cubic feet. 

This is the volume on which the power for the compressor must 
be calculated. 
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The calculation has been carried on for a simple compressor, 
but there will be a decided advantage in using a compound com- 
pressor for such work. Such a compressor should have for the 
pressure in the intermediate reservoir 

f == '\/Pip2 v^ii 4«7X 14.7 = 41.06 pounds. 


The factor for allowing for clearance of the low-pressure 
cylinder will now be 

L 1 



2 /4 i.o6 Y ‘^ 
100 \ 14.7 / 


H 0.9784. 

100 


The loss from imperfect action of the valves and for heating 
of the air as it enters the compressor will be less for a compound 
than for a simple compressor, but we will here retain the value 
2464 cubic feet, previously found for the apparent capacity of 
the compressor. The volume from which the dimensions of the 
compressor will be found will now be 


2464 0.9784 = 2518 cubic feet, 


which with 80 revolutions per minute will give 15.74 cubic feet 
for the piston displacement, and 755-5 square inches for the 
effective piston area, if the stroke is made 3 feet, as before. 
Adding 16 inches for the piston-rod, which will be assumed to 
pass entirely through the cylinder, will give for the diameter of 
the low-pressure cylinder 31! inches. 

Since the pressure f is a mean proportional between and 
^2, the clearance factor for the high-pressure cylinder will be 
the same as that for the low-pressure cylinder, and, as the volumes 
are inversely proportional to the pressures p^ and the high- 
pressure piston displacement will be 

(15.74 X 14.7) 41.06 = 5.64 cubic feet. 

If we allow 8 inches for a rod 4J inches in diameter at one side 
of the piston, then the mean area pf the piston vdll be 278.7 
square inches, which corresponds to a diameter of i8|- inches 
for the high-pressure cylinder. In reality the piston-rod for the 
compound compressor may have a less diameter than the rod for 
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which last term is obtained by dividing the area of the pipe 
by its perimeter. For a cylindrical pipe we have consequently 


m 


intP md ^ id 


(216) 


The expression (215) represents the head of liquid required to 
overcome the resistance of friction in the pipe when the velocity 
of flow is u feet per second. Such an expression cannot properly 
be applied to flow of air .through a pipe when there is an appre- 
ciable loss of pressure, for the accompanying increase in volume 
necessitates an increase of velocity, whereas the expression treats 
the velocity as a constant. If, however, we consider the flow 
through an infinitesimal length of pipe, for which the velocity 
may be treated as constant, we may write for the loss of head 
due to friction 


2 g m 


(217) 


This loss of head is the vertical distance through which the air 
must fall to produce the work expended in overcoming friction, 
and the total work thus expended may be found by multiplying 
the loss of head by the weight of air flowing through the pipe. 
It is convenient to deal with one pound of air, so that the expres- 
sion for the loss of head also represents the work expended. 

The air flowing through a long pipe soon attains the tem- 
perature of the pipe and thereafter remains at a constant temper- 
ature, so that our discussion for the resistance of friction may be 
made under the assumption of constant temperature, which 
much simplifies our work, because the intrinsic energy of the air 
remains constant. Again, the work done by the air on enter- 
ing a given length dl will be equal to the work done by the air 
when it leaves that section, because the product of the pressure 
by the volume is constant. 

Since there is a continual increase of volume corresponding 
to the loss of pressure to overcome friction, and consequently 
a continual increase of velocity from the entrance to the exit 
end of the pipe, there is also a continual gain of kinetic energy. 
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But from equation (221) the velocity at the entrance to the pipe 
where the pressure is will be 

WRT Ap,u, 

« = — and W = 

so that equation (223) may be reduced to 

gA^mR^r RT ’ 

■ ■ ^gRTm p^ ..... (224; 

Equation (224) may be solved as follows: 

= 



(-) 

The first two forms allow us to calculate either the velocity 
or the loss of pressure; the last form may be used to calculate 
values of ? from experiments on the flow through pipes. 

From experiments made by Riedler and Gutermuth* Pro- 
fessor Unwin f deduces the following values for 

Diameter of pipe, feet. C 

0.492 0.00435 

0.656 0.00393 

0.980 0.00351 

For pipes over one foot in diameter he recommends for use 

? = 0.003. 


* Neue Erfahrungen uher die Kraftversorgung von Paris durch Druckluft, 1891. 
t Development and Distribution of Power. 
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steam was used in it. The full line ah is a hyperbola, and the 
line ac is the a<liabatic line for a gas; both lines arc drawn through 
the intersection of the expansion lines of the two diagrams. 

Power of Compressed-air Engines. — The probable mean 
effective pn-ssure attained in the cylinder of a compressed-air 
engine, or to l)e expected in a projected engine, 
may be found in the same manner as is 
used in designing a steam-engine. In Fig. 

85 the expansion curve i 2 and the com- 
pre-ssion curve 3 o may be assumed to be 
adiab;itic lines for a gas represented by 
the equation 



and the tirea of the diagram may be found in the usual way, and 
therefrom the mean eHective pressure can be <letermined. Hav- 
ing the mean effective jmessure, the power of a given engine or 
the size retjuired for a given power may be determined directly. 
The method will I)e illustrated later by an e.xample. 

Air-Consumption. — The air consumed by a given compressed- 
air engine may bi‘ calculated from the volume, pressure, and 
temperature at cut-off or release, and the volume, temperature, 
anti pressure at compression, in the same way that the indicated 
consumption of a steam-engine is .calculated; but in this case 
the indicated and actual consumption should be the same, since 
there is no change of state of the working fluid. Since the 
intrinsic energy of a gas is a function of the temperature only, 
the tempt>rature will not be changed by loss of pressure in the 
valves and pa.ssages, and the air at cut-off will be cooler than 
in the supply- pipe, only on account of the chilling action of the 
walls of the cylinder during admission, which action cannot be 
energetic when the iiir is dry, and probably is not very important 
when the air is .saturated. 

Final Temperature. — If the expansion in a compressed-air 
engine is comiJlete, i.e., if it is carried down to the pressure in 
the exhaust-pipe, then, assuming that there are no losses of 
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the walls of the cylinder of a compressed-air engine and the air 
working therein are of the same sort as those taking place between 
! the steam and the walls of the cylinder of a steam-engine; that 

is to say, the walls absorb heat during admission and compression 
if the latter is carried to a considerable degree, and yield heat 
during expansion and exhaust. Since the walls of the cylinder 
are never so warm as the entering air nor so cold as the air 
exhausted, the walls may absorb heat during the beginning of 
expansion and yield heat during the beginning of compression. 

The amount of interchange of heat is much less in a com- 
pressed-air engine than in a steam-engine. With a moderate 
expansion the interchanges of heat between dry air and the 
walls of the cylinder are insignificant. Moisture in the air 
increases the interchanges in a marked degree, but does not 
make them so large that they need be considered in ordinary 
calculations. 

Moisture in the Cylinder. — The chief disadvantage in the 
use of moist compressed air — and it is fair to assume that 
compressed air is nearly if not quite saturated when it comes 
to the engine — is that the low temperature experienced when 
the range of pressures is considerable causes the moisture to 
freeze in the cylinder and clog the exhaust-valves. The diffi- 
culty may be overcome in part by making the valves and passages 
of large size. Freezing of the moisture may be prevented by 
injecting steam or hot water into the supply- pipe or the cylinder, 
or the air may be heated by passing it through externally heated 
pipes or by some similar device. In the application of com- 
pressed air to driving street-cars the air from the reservoir has 
been passed through hot water, and thereby made to take up 
enough hot moisture to prevent freezing. The study of gas- 
engines suggests a method 'of heating compressed air which it is 
believed has never been tried. The air supplied to a compressed- 
air engine, or a part of the air, could be caused to pass through 
a lamp of proper construction to give complete combustion, and 
the products of combustion passed to the engine with the air. 
Should such a device be used it would be advisable that the tern- 
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CALCULATION FOR A COMPRESSED-AIR ENGINE 


automatic valve-gear the actual mean effective pressure may 
be 0.9 of that just calculated, or 38.7 pounds per square inch. 

For a piston displacement D the engine will develop at 150 
revolutions per minute 


144 X 38. 7D X 2 X 150 
33000 


horse-power; 


and conversely to develop 100 horse-power the piston displace- 
ment must be 

^ 100 X 38000 1 . r . 

jU^ ^ ^ 1.074 cubic feet, 

144 X 38.7 X 2 X 150 

and with a stroke of 2 feet the effective area of the piston will be 
1.974 X 144 2 = 142. 1 square inches. 

If the piston-rod is 2 inches in diameter it will have an area of 
3.14 square inches, so that the mean area’ of the piston will be 
143.7 square inches, corresponding to a diameter of 13I inches. 

We find, consequently, that an engine developing 100 horse- 
power under the given conditions will have a diameter of 131- 
inches and a stroke of 2 feet, provided that it runs at 150 revo- 
lutions per minute. 

In order to determine the amount of air used by the engine 
we must consider that the air caught at compression is compressed 
to the full admission-pressure of 106.7 pounds absolute. Part 
of this compression is done by the piston and part by the entering 
air, but for our present purpose it is immaterial how it is done. 
The volume filled by air at atmospheric pressure when the 
exhaust- valve closes (including clearance) is 0.15 of the piston 
displacement. When the pressure is increased to 106.7 pounds 

the volume will be reduced to 

of the piston displacement. The volume drawn in from the 
supply-pipe will consequently be 

0.25 + 0.05 - 0.017 = 0.283 
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of the piston tiisplacemrnt. H thr rompn-ssiun iHcurred suffi- 
ciently early t« rabr the prmsiirf ti* that in the aupply-pipe 
lK,‘ftirt* ihr £«! mission valve <*j»en«l, then only 0.35 of the piston 
tlispiacenu-nt won!*! Ih* »*«! jier slfoke and a jwivinK of about 13 
|wr cent would be attained; in *iuh rase the mean eSective 
pressure wtmUl Iw smaller and the size of the cylinder would be 

larger. 1 

The air consiuwpiitm for the engine apja-ars to be 

2 X 1 50 X o aH.t pwl. dbpl. 0.48.1; X t. 974 «» 167,6 

cubic f«*t per minutr. I’he ac tual air t onsumptbn will be 
somewhat leu# on acrount »4 h»» «»f pressure in the valves and 
imsjsages; it may l«* to assume itw cubic fret {>er minute for 

the trtwal tonauTOpiion. i 

In order to make *»ne complete lah tdalion for the use of com* 
pressed ah’ fur transmitting j«»wrr, the data for the comprmed* 
air engine Iwve k-rn wade to corresjamd with the r«*sults of calcu- ’ 
tatiuna ft»r an air ctunprewor on |wge .177 and fur the leas of 
pressure in a pi|a* »»n j«Ke Since tliere i* a li«« «f pressure 
in llowtng through the pij*e at consiani trmjwralitre, there is 
a rorres|a»nding Int rett.i*e id volume. that the pipe delivers 1 
400 K 114.? ,p 4 .b I 

ctihh^ feet Iter minute. Cdur eahiiilictitcn for the atr^mnsumphott 
of an engine to deliver too hor^'i«»wer give* almut tdo cubic 
feet, fn»m whhb it apfcean. tlwi the *.yiiirm of tompTOmor, con- 
duct ing-piix*, and <om|ire»ted-alr engine ahouhl deliver 

JO© X J44.h ♦ 160 - »o i horse-jKiwer. .4: 

If the friction of the compreB^'^-itr engine is aMstittwd to bo j 
ten i*er cent, the power flellveried by li to llm main shaft (w to 
the machine driven directly from ill will Ir 

#00 X .ti I So htinie jmwer, ; 

Tb« steam-power rt*|uiretl to drive' • simple cumprwmr iw* | 
foumi to I* |» hurse'|Kiwrr; it c»«*»«|uenily «pii«*w that ; 

ito f 5J0 •» 0.34 I 
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from the entire system of transmitting power. If, however, a 
compound compressor is used, then the indicated steam-power 
is 444, and of this 

180 4- 444 = 0.40 

will be obtained for doing work. 

If, however, we consider that the power would in any case be 
developed in a steam-engine, and that the transmission system 
should properly include only the compressor-cylinder, the pipe, 
and the compressed-air engine, then our basis of comparison will 
be the indicated power of the compressor-cylinder. For the 
simple compressor we found the horse-power to be 442, which 
gives for the efficiency of transmission 

180 -r 442 = 0.41, 

•while the compound compressor demanded only 377 horse- 
power, giving an efficiency of ' 

180 377 = 0.48. 

It appeared that the failure to obtain complete compression 
involved a loss of about 13 per cent in the air-consumption. 
It may then be assumed that with complete compression our 
engine could deliver 200 horse-power to the main shaft. In 
that case the efficiency of transmission when a compound com- 
pressor is used may be 0.53. 

Efficiency of Compressed-air Transmission. The preced- 
ing calculation exhibits the defect of compressed air as a means 
of transmitting power. It is possible that somewhat better 
results may be obtained by a better choice of pressures or pro- 
portions. Professor Unwin estimates that when used on a large 
scale from 0.44 to 0.51 of the indicated steam-power may be 
realized on the main shaft of the compressed-air engine. On 
the other hand, when compressed air is used in small motors, 
and especially in rock-drills and other mining-machinery, much 
less efficiency may be expected. 

Experiments made by M. GraiUot* of the Blanzy mines 
showed an efficiency of from 22 to 32 per cent. Experiments 
* Pernolet, VAir Comprimij pp. S49 j 5So* 
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made by Mr. Danirl tu l.mls gave- an rftkiency varying from 
0.355 to 0.455, with varying from 3.75 atmospheres 

Itt 1.33 «tmcisj»hrrw. An r%|*«rimrHl itutiir by Mr. Kraft* gave 
un ofliermy of 0.137 nwubinc, using air at a prmwe 

of five !itmt»sjiher« without esjwnsion. 

Cum|ire««} air h«» Sweti uml lor traRsmiiiing |K»wer eithw 
where i»tiwer for rtimprwittn is thrap and alnindant, or where 
there are reasons why it is »jw« ially tie ‘.ttldr, as in mining and 
tunnelling. It is now «ml l«» a t unddrrsiljle extent for driving 
hand tools, smh a.s drills, » hipping ebiseb, arid talking-tools,' 
in machine atw! Imilrr shop*, and in *hipy*ard«. It k also used 
frtr «{H*ratinK tram-* ami other mat him* where |«»wer is used 
only at interval*, that the comlrnMiitm of steam (when used 
diret'lly) i« esewivr, ami where hytirawlit famer b liahbto give* 
irouWf fr»»m freezing. 

Cwmprewed air ha* Iwen uwl l«» a very ttmdtlera hie extent* 
for transmitting ja»«rr In I’ari*. The *y»tem aj>|a*«ni to he 
ex|>en8ive and l‘» l»e ««•*! m«i»dy on ariotmi of it* rtmvcnience 
for tieliwring f^twern tir in plate* where the rtild esiaust 
ran In- twt} ft»r rrfrifieralion. 'Ihr irotdile fft»m fw-xing of 
moisture in the cylinder Ha* Iwen avtiidnl hy alh»wlng the air 
to fh»w through a coil of pi|*' which i» hratrti eximmlly by®, 
clmrcoal fire. Ifrofemtf Unwin twilnsaitw iluii an efficiency 
tratwntbsMm «»f 0.75 may Ir atiainwl under f»vt*rahle eondWens’ 
when the air !» healed nwr the fowpre»«tf. hut he do« not 
incUifle the ci»t of fuel tor frhwiinR in ihb estimate. : 

^ hf Cuwpr****^ “ Hwrvtdw nr cylift-. 

drr» chargrti with «#mfirr»*cti air have ireen uted tt» *inre power 
for driving atrert-eara. A »r*tem devrtoiwil by MekarsM «« 
air ai jjo t»» 450 faiundi* jwr ttpwre inch in r«?fi?rvolr» having® 
rapxcity td 75 cubic frri. 1 ‘hr car als»» rarriw a tank d hot 
water at a u-mjn'niluw' *4 alums h ibr*»ugh which the &ir 
jWiSWw tm the way tti the imUof and by whk'h it lx heated and 
charpai with rteaw. Tld* i»e of li«»i water give# a mnuAirf 
method of storing jaewer, ami isWi av»»i»!* irotible from ftvexittg, 
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in the motor-cylinders. Air at much higher pressures has been 
used for driving street-cars in New York City, but the particu- 
lars have not been given to the public. 

The calculation for storage of power may be made in much 
the same way as that for the transmission of power; the chief 
difference is due to the fact that the air is reduced in pressure 
by passing it through a reducing-valve on the way from the 
reservoir to the motor. By the theory of perfect gases such 
a reduction of pressure should not cause any change of tem- 
perature, but the experiments of Joule and Thomson (page 69) 
show that there will be an appreciable, though not an important, 
loss of temperature when there is a large reduction of pressure. 
Thus at 70° F. or 2i°.i C. the loss of temperature for each 100 
inches of mercury will be 

0° 92 X o °-79 C. = ii° F. 

Now 100 inches of mercury are equivalent to about 49 pounds 
to the square inch, so that 100 pounds difference of pressure will 
give about 3J® F. reduction of temperature, and 1000 pounds 
difference of pressure will give about 35° F. reduction of tem- 
perature. The last figures are far beyond the limits of the 
experiments, and the results are therefore crude. Again, the air 
in passing through the reducing-valve and the piping beyond 
will gain heat and consequently show a smaller reduction of tem- 
perature. The whole subject of loss of temperature due to 
throttling is uncertain, and need not be considered in practical 
calculations for air-compressors. 

For an example of the calculation for storage of power let uS 
find the work required to .store air at 450 pounds per square 
inch in a reservoir containing 75 cubic feet. Replacing the 
specific volume in equation (213) by the actual volume, we 
have for the work of compression (not allowing for losses and 
imperfections) 


3 X 464-7 X ^44 X 75 
20520000 foot-pounds. 
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If the pressure is rwlurwl lt» 50 jwnituls iiy the gauRe Iwfore it is 
usal, the volume of J»ir wit! Iw 

75 X 4114.7 ^» 4 .| “ 5,wvul»k; feet. 

The work for r»»mpk'ie ejtjsmsiun of one {uninti to the prwure 
of the atmosphere will fw 

•“ I ' '■ (tj) I ” ^ 

« \ f pA * t 


5976090 


and the work for 549 eutdi feet will lit 


144 X 64.7 


hM\ *■* { 

\ti4 7/ * 


f«K»t jaiunds, without allowing for Io%m-s or imt»erfet tbn». The 
masimum effk-fcrjry of storing and restoring energy hy the 
Ms,e of i‘cim|ire»»ttl air in lltk ra»r is therefore 

591^1000 ’> M$JtowQ "* 0.49. 

In prarlire the eflirienty t annul l»r wore tlmn 0.35, if indeed ' 

It is iCI '^5:^ 

Sudden Cnmpretdon. It may not Iw «wt of plaec to tall aWen* 
lion to a tlanger tltat may ari*r M air at higSt pressure w iuddenly 
let into a pipe which 1 mm oil nilngl«l wdih the air in it or even, 
adhering to the side of the pipe. The air in the pi|» will be com- 
ptvwetl, and It* temperature may Iwonte high enough to ignite tk 
oil anti t'ttuw #n espltirtlon. *rhal thi* tiangcr is not imaginary 1# 
tihown hy an e»ph»itin whith nccurwl imilrr »urh wndlliom in ' 
t pi{»r whkh wm,*» strong enough i« wilhswmi the iiir»pr«iu». 

iitlttW Air. "-The most pwtikal way of li»|uiffying air on a 
krge »w«!r w that tleviml t»y Limle defirwling on the ri-d«t:tion 
of the lemirrsiturr h) ihroliling. fon |»}r 
^mpWrtt rifirr^iciti tlniurcti tiy am! tte 

wsluclfott in irm|>rrai»rr of air fkiwlng through a |wroi» plug 
■with a difference tif pressure meaiuretl hy too inthea of nwrvuiyi 
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in which 273^.7 C. is taken to be the absolute temperature of 
freezing, and T is the absolute temperature of the air. 

A modern three-stage air-compressor can readily give a press- 
ure of 2000 pounds per square inch, and if the above expression 
is assumed to hold approximately for such a reduction in pressure, 
it indicates a cooling of 


0.92 X’ 


2000 


:= 37 ".S C. 


ICO X 0.491 

or about 67° F. By a cumulative effect to be described, the air 
may be cooled progressively till it reaches the boiling-point of its 
liquid and then liquefied. Linde’s liquefying apparatus consists 
essentially of an air-compressor, a throttling-orifice, and a heat 
interchange apparatus. 

The air-compressor should be a good three-stage machine 
giving a high pressure. The throttling-orifice may be a small 
hole in a metallic plate. The heat interchange apparatus may 
be made up of a double tube about 400 feet long, the inner tube 
having a diameter of 0.16 and the outer tube a diameter of 0.4 
of an inch; these tubes for convenience are coiled and are then 
thoroughly insulated from heat. The air from the compressor 
is passed through the inner tube to the throttle-orifice and then 
from the reservoir below the orifice, through the "space between 
the inner and outer tubes back to the compressor. The cumu- 
lative effect of this action brings the air to the critical temper- 
ature in a comparatively short period, and then liquid air begins 
to accumulate in the reservoir below the orifice, whence it may be 
drawn off. 

The atmospheric air before it is supplied to the condenser 
should be freed from carbon dioxide and moisture, which would 
interfere with the action, and should be cooled by passing it 
through pipes cooled with water and by a freezing mixture. 
The portion of air liquefied must be made up by drawing air from 
the atmosphere, which is, of course, purified and cooled. 

The principal use of liquid air is the commercial production of 
oxygen by fractional distillation ; several plants have been installed 
for this purpose. 


V ^ 





CMAFrER XVI. 

EiriiH'.r.RATlNti-MM'IUNKS. ■ ■' ,V 1 

A RRraaE»ATW«'MM*HlKK h a clfvirr (at {irmluciag low 
lemt>t*r 4 iturt» or for ««»»• Mih^Hawi* «»r sj«cc. It may,- ' 

Iw umi for making k i* or for miiintiiininK a low U'mja*ramre la | 
a cellar or storchou«?, I 

Eefrigeration on a »nwll «'al»‘ «l»*ainwl l*y the solu- 

Uon of fcrtiiin »»U«; a familiar tlUi^iritiion U thr solution of 
comwwrn mH with kr. anoihrr h sltr Mihilum of sal ammoniac 
in water. Certain rrfrigrraiing minhinw tir{vml tm the mpid 
ataorptlon of some volatile Utjuid. f*tr rsai»|»lr. of ammonia by ^ 
water; if thr mar him* I* ir» work » ontimioukly thm* must he some . j 
arrangement for rolistillitig thr li*|ui«l from the alwirktnt. The : 
most rtrenl ami fwwerfu! rrffiw-ftrting mai him** are rew»ed -| 
himt enginsT*. They witlnlraw the working sMWianiT (»k w 
ammonia) from thr toltl rrMrm or i«^4ing rt»il. lomprtw it, and i 
deliver it to ft toolrr or comlenwr, ‘rtnis they t*kr hwt from a ! 
cold sulwlant'e, <!<• work and add hen!, and tinally rrltn-'t the sum j 
of the heat drawn in and thr Hrat rnuivttleni of the work done. | 
Thwr reversed hrat'rnginru. however, an* %*ery far from l«‘ing 
r«vt*rt»iWr engine*, not ttniy m aieouni «.f lm|»erfnlton* awl h»srfs ; 
but twfftUM* they work «n » ntm-rrvrrsiWe cycle. 

Two forms of rrfrigrwti^i marhinr* are in common wc, atr 
refrigerating- BMchinci* and antnionia frfrigerftiing*in.trliin«. 
Sometimrs sulphur »lk«kle or «»«r other volatile fluid li uwl 
btoteftd of ammonia. CarfMm diosklr fwv been uml, but there a« 
dlflScultk*# due i»» high prewure and the fiu’! that the mttcal twtt’ 

peaturr b F. : . ;i 

Air Rnfrhi^rftttef-llftcWa#. -Thr general arraoicmeot^uf 
an air ftfrlgerftilnf - marhine i* shown by Fig. W». It wmski 

: jl 




AIR REFRIGERATING-MACHINE 


of a compression-cylinder A, an expansion-cylinder B of smaller 
size, and a cooler C. It is commonly used to keep the atmos- 
phere in a cold-storage room at a low temperature, and has 
certain advantages for this purpose, especially on shipboard. 
The air from the storage-room comes to the compressor at or 
about freezing-point, is compressed to two or three atmospheres 
and delivered to the cooler, which has the same form as a sur- 
face-condenser, with cooling water entering at e and leaving at /. 
The diaphragm mn is intended to improve the circulation of 
the cooling water. B’rom the cooler the air, usually somewhat 
warmer than the atmosphere, goes to the expansion-cylinder B, 



in which it is expanded nearly to the pressure of the air and 
cooled to a low temperature, and then delivered to the storage- 
room. The inlet-valves a, a and the delivery-valves b, b of 
the compressor are moved by the air itself; the admission- valves 
c, c and the exhaust-valves d, d of the expansion-cylinder are 
like those of a steam-engine and must be moved by the machine. 
The difference between the work done on the air in the com- 
pressor and that done by the air in the expansion-cylinder, 
together with the friction work of the whole machine, must be 
supplied by a steam-engine or other motor. 

It is customary to provide the compression-cylinder with a 
water-jacket to prevent overheating, and frequently a spray 
of water is thrown into the cylinder to reduce the heating and 

metimes the cooler C, Fig. 86, 




hefkwikatim*; machikes 

Is ri*i»liufd l»y aii ri'.riHhIing .t nUntu t-ngin*? jet-con- j 

drnstT. in whirh iSir «ir k rw.lwt liy n »|»ray c»f water. In any | 
rase it » eiisential that thr innislurr in llie air, .is well as the | 
water injrt t«i, sliisuhl Iw rflw ienily rriwned Irftjrc the air is i 
ddivcrel to the exjiansion rylimler; «»therwifie snow will form 
In that cylinder and interfere with the ai ium of the machine, i 
Various mei harnt al tlrvires hau> Imth uml m cfilliTt and remove : 
water from the air, hut air nwy Ik- Mittratetl with moisture after ; i 
it Iww jwsml smh a devkr. 1’hr Bell t’oteman Com|mny use j 
a Jet rmder with prcn-i-ion for tollitiitiK ami witlulrawlng water, I 
and then {«» the air through |»ljie* in the cold-room on the ' 
way to the fst»n»ion eylinder. I’hr told rt«»m » maintained 
at a lem|i«'rature a little «l>ovr free4inK fisdnl, m tlwit the mois- ,j 
turc in the air i* cimderiw! u|*wtt the *idei4 of the {>!{»* and 
drains tiack into the nailrr. I 

When an air refrigerating rmirhini tiswl m di«rihed, the 
prmure In the roklr«*m k itrir*«rily that of the atmtssphae, 
am! the #i/ 4 ’ of the mathinc I* large m iot»ij»{irni with Its ^ 
fortnance. The performance may tie immimi hy running 
the mitrhinr on .1 rto4nl ryrie with higher pre^ntirw, for exampli^ 
the r«dd air may lie delivrrtil !•» a toil of pijit* in a nomfreealng 
salt wihilion, from wdiith the iilr heal through die 

walln of the j»i|a' ami then iwswi l*» the tomprew'ir to he ned 
over again. Thr machine may then lie mni to prmluee Ice, or 
thr brine may lie »»ef.l f«»r nailing or tit|ukii. A ftwt'hlne 

hw been uml for producing kr on a snwII «r«k% without codtof 
water, on the reverw of ihk pfintlplr; that i», atmospheric ^ 1 
k firat exfandai and chill«**l and driivrrtti to a roll of pipe ift | 
a «df solution, then the air b drawn from ihia coil, after aborb 
Ing hrat from the lirint?, tom|»frftw«l i« aimwpbefk jircwure, 
mi exfielW. 

^ftmportions d Air R«fri*tr»tiiif -M«ehia#f. -* The prate* 
mance of a refrlp-ntting-maiWnr way la* aitticd i» terms 
of tie number of iberwil mk» wiibdniwn In a unit of lime» 
or in termi of the wrighi of kr pfraiured. Thr talent h«t of 
fttsiMi of ice may be token to l« 80 talorte or 144 M.tx, 
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Let the pressure at which the air enters the compression- 
cylinder be p^, that at which it leaves be p^\ let the pressure at 
cut-o£E in the expanding-cylinder be p^ and that of the back- 
pressure in the same be pi\ let the temperatures correspond- 
ing to these pressures be and ^4, or, reckoned from the 

absolute zero, and With proper valve-gear 

and large, short pipes communicating with the cold-chamber 
pi may be assumed to be equal to p^ and equal to the pressure 
in that chamber. Also may be assumed to be the tempera- 
ture maintained in the cold-chamber, and may be taken to 
be the temperature of the air leaving the cooler. With a good 
cut-off mechanism and large passages p^ may be assumed to 
be nearly the same as that of the air supplied to the expanding- 
cylinder. Owing to the resistance to the passage of the air 
through the cooler and the connecting pipes and passages, p^ 
is considerably less than p^. 

It is essential for best action of the machine that the expan- 
sion and compression of the expanding-cylinder shallbe complete. 
The compression may be made complete by setting the exhaust- 
valve so that the compression shall raise the pressure in the 
clearance-space to the admission-pressure p^ at the instant 
when the admission- valve opens. The expansion can be made . 
complete only by giving correct proportions to the expanding- 
and compression-cylinders. 

The expansion in the expanding-cylinder may be assumed 
to be adiabatic, so that 


Were the compression also adiabatic the temperature co^ld 
be determined in a similar manner; but the 
^ ^ air is usually cooled during compression, 

^ and contains more or less vapor, so that the 

temperature at the end of compression cannot 
Fio, 87. be determined from the pressure alone, even 
though the equation of the compression curve be known. 
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the air fmwins ihr*sii«li ihr rrfrtgrwiing.marhine p^, 
ttlnule be M\ thco ihe hmi with 4 rawn b»*m the coW-iwer ig 

** Mtp — #,}. • . . , , (432) 

The work of eorapn-s#lBg M |»«»uwf* of air from the prmtire ^ 
to the prmure pt in » com|»rni«ir without ilrarance is (Fig, 


ir* • ,W I ^.,1*5 J p^t\ , 


** M I i ^ 


m » 

I i\i' 


ir, « M 


(a) 


m 






.*. M'*- Upi^% 




(333) 


pnivkiwl that Ihr l,■^♦f^nlfc»i»»ll nirtr tail iir re|irs>«eBt«i Ity m 
exjwncniht! njttaiitm. If the coi»|»fr*#i»o ean lie a«uia«I to 
bt adktailc, ^ 


tm In such mm m taw ilie 


(334) 


n V, 


4# « - r, •* tf 


If the rKfwnskin b «»«fslrie in ita rspawllng eylWtst, m 
#h«ttbl always In? the ra». ihrn llw i?f|«atio«i 1m the work tlwe 
by the air will haw the Imm m «jwtbn C* 33 ) of (334)1 
fpjitocing if a»l p by #* anti pt, a»i| I, anil p, by I* ami hi wthat 


# 


11; * Mm ~ I ‘ i ’ ‘ 


and for atlfaitalic eit|Min*i»n 

t*F M (m 
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t 

[' The difference between the worlcs of compression and expan- 

E sion is the net work required for producing refrigeration; conse- 

I quently 

j, W .(237) 

f- or, replacing M by its value from equation (232), 

i w — h—JsL (238) 

: A /, - h 

t. The net horse-power required to abstract thermal units 

per minute is consequently 

p Z2§2 i h + ‘’■I - ^ -A (239) 

f " 33000 h — 

\ where t^ is the temperature of the air drawn into the compressor, 

and is the temperature of the air forced by the compressor into 
y the cooler, and I, is the temperature of the air supplied to the 

expanding-cylinder, and U is the temperature of the cold air 
(: leaving the expanding-cylinder. The gross horse-power devel- 

oped in the steam-engine which drives the refrigerating-machine 
[ is likely to be half again as much as the net horse-power or even 

larger. The relation of the gross and the net horse-powers for 
f; any air refrigerating-machine may readily be obtained by indi- 

cating the steam- and air-cylinders, and may serve as a basis for 

calculating other machines. ^ « 

The heat carried away by the cooling water is 

„ ( 3 , + AW. ...... (240) 

If compression and expansion are adiabatic, then 
■ Q, - Mc^ (/i - h+t^ + k-h- 0 “ 

or, replacing M by its value from equation (232), 
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ti and tt, and if gj and g* are the corresponding heats of the 
liquid, then the weight of cooling water per nainute is 

The compressor-cylinder must draw in M pounds of air per' | 
minute at the . pressure and the temperature that is, with 
the specific volume v^] consequently its apparent piston dis- 
placement without clearance will be at N revolutions per minute,/ 

^ MnL MRT, , . 



for the characteristic equation gives 

P,v,^RT,. 

Replacing M by its value from equation (232), we have 

.Nc,t, A - li ■ ■ • • 

Since all the air delivered by the compressor must pass through 

the expanding-cylinder, its apparent piston displacement will be 

'' 

Z). = D,^ ( 246 ) 

[il 1 

If the pressure of the air entering the compression-cylinder 
is equal to pi^ that of the air leaving the expanding-cylinder (as 
may be nearly true with large and direct pipes for carrying the 
air to and from the cj)ld-room), equation (246), will reduce to 

. . . . . . . ( 247 ) 


■Ue^ J^o-TfT (.2477 

Both the compressor- and the expanding-cylinder will have 
a clearance, that of the expanding-cylinder being the larger^ 
As is shown on page 363, the piston displacement for an air- 
compressor with a clearance may be obtained by dividing the 
apparent piston displacement by the factor 


( 5 +-- 

\pj m 
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If the expansion and compression of the expanding-cylinder are 
complete, the same factor may be applied to it. For a refriger- 
ating-machine n may be replaced by « for both cylinders. To 
allow for losses of pressure and for imperfect valve action the 
piston displacements for both compressor- and expanding- 
cylinders must be increased by an amount which must be deter- 
mined by practice; five or ten per cent increase in volume will 
probably suffice. In practice the expansion in the expanding- 
cylinder is seldom complete. A little deficiency at this part 
of the diagram will not have a large effect on the capacity of 
the machine, and will prevent the formation of a loop in the 
indicator-diagram; but a large drop at the release of the expand- 
ing-cylinder will diminish both the capacity and the efficiency 
of the machine. 

The temperature ti and the capacity of the machine may be 
controlled by varying the cut-off of the expanding-cylinder. If 
the cut-off is shortened the pressure will be increased, and 
consequently Tt will be diminished. This will make D^, the 
piston displacement of the expanding-cylinder, smaller. A 
machine should be designed with the proper proportions for its 
full capacity, and then, when running at reduced capacity, the 
expansion in the expanding-cylinder will not be quite complete. 

Calculation for an Air-refrigerating Machine. — Required 
the dimensions and power for an air refrigerating-machme to 
produce an effect equal to the melting of 200 pounds of ice per 
hour- Let the pressure in the cold-chamber be 14.7 pounds per 
square inch and the temperature 32° F. Let the pressure of 
the air delivered by the compressor-cylinder be 39.4 pounds by 
the gauge or 54.1 pounds absolute, and let there be ten pounds 
loss of pressure due to the resistance of the cooler and pipes and 
passages between the compressor- and the expanding-cylinder. 
Let the initial and final temperatures of the cooling water be 
60° F. and 80° F., and let the temperature of the air coming 
from the cooler be 90° F- Let the machine make 60 revolutions 

per minute. 

With adiabatic expansion and compression the temperatures 
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tif ihe uir t iming from ihr comj»rt»i>r ami UiMiuirgtti from the 
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3 JOC© J 3 »■■ 58 . 

3 jeoo K «jO ' " ': 

ami thr iiuliraistl j»owrr «f lit** ilrsm'rnginr may fse as 4 umKl j 
m Ist* 14 hcifM*' |.»«»wrf . , I 

By fcjuaii«»n (345) iBe {>i*«on dbjiiatftwni of the ! 

ctim}jr»P»r wlihoui etwraoci? will l»r 

'* |l, - r,} --'J 

«. « 5Mi ±mi , . . . « 4. « cu. ft. ' 

i X to X 0 /II 7 S X 144 X 11.7 IP f I 

Ily r€jiiilit*ii ii4^} ihr i|i|»rrfii |»wiiifi of Ih^'' 

rKjiftiiiliiig ryllfiilrr wittoiil ritmrafirr mill • j 

1 1 |L j/tt K I .fjo cwilfc tetf I 

■' I 

If itiif itmriiiirr «f llir rttfii|if«»if cylimlrr h qm cif ili i&tottj 

4li|44crmrfil, llim ikt fMlnr for dr#m»i;r hf e«|yitlfofi Cift)l«j 

I „ L /£l\ i, ^ I -,. J I «-i-» O^Wf ' ! 

m\»J ^ m ' tm \ 14 .F *e^ •' i 


0 - 979 * 
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SO that the piston displacement becomes 

2.33 ■+■ 0.979 ” 2,38 cubic feet. 

If, further, the clearance of the expander-cylinder is 0.05 of 
its piston displacement, the factor for clearance becomes 


which makes the piston displacement 

I'.go •+ 0.963 » 1.97 cubic feet. 

If now we allow ten per cent for imperfections, we will get for 
the dimensions: stroke a feet, diameter of the compressor-cylinder 
15^ inches, and diameter of the expanding-cylinder 14 inches. 

Compression Refrigeratlng-Machine. — The arrangement of 
a refrigerating- machine using a volatile liquid and its vapor is 




shown by Fig. 88. The essential parts are the compressoA A, 
the condenser B, the valve D, and the vaporizer C. The com- 
pressor draws in vapor at a low pressure and temperature, 
compresses it, and delivers it to the condenser, which consists 
of coils of pipe suirounded by cooling water that enters at e and 
leaves at /, The vapor is condensed, and the resulting liquid 
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pthers in a rrarrvoir in thr imm whcm t* U k led by a 

sniall pijw having a rrKulitiing vjiUr /> in i\w vajwriar or i 
rffriK*'rait<r. ‘Hh- n-fnmtatut is «!?«* tnaiU- «{• of coik of pipe, 
in which the vwkitih- lt«iui«l va|H*ri/«-». The mils may be yged 
tiirwtly fur rottling nr ihry' may Ik- immi-r»«l in a tank 

of brinV. which may Ik- nm! for t»>««llng or for making ice, 
Fig. m shows ihe- fomi»rrKM*r with one singh- acting vmW | 
rylindrr vvhith has hrati h^it valvrc, ami valfes in the 

piston.' Small nwchiws usually h«vr »mr double-acting com* 
pre»«»*f tylimkr. Urge machinr-* have verlrnl compreisots 
which may Iw single actmg or doubh- arling, ■ : 

'f'hr i'yclr which has l»crn fur the* compresion' 

refrigerating' nwctiinc it* imtimjtUir, N-tause the working fluid 
is allowasl to ilow ihroimh the e*j.asidon , m\ inn. the expanding- 
coik w'ilhoMt diung work. To itmke the cycle complete, there: 
should k- a ttnwSl expanding » ylimh r in wlinh the liquid could 
d»» work on the way from the condmiwr to the vaporidtig-coik;! 
bill the work gained in »w«h » cyUnilrr wouhHr indgnifiant,; 
and it would lead t«» complications amt dithculik-#. ' 

Proportions of Comptwtsinn lt#frig®rnting*MaehiflM* Fhe 
liquid condensed in the coik of the coiidenw-r flows to the iAi»an. 
sum cm h with the trwfwfiilMre and ha* in it the hr&l q^. In 
flawing through the rafeandottewk there i» a jttrtW vat*orl«- 
tion, Iml no hrai k gained or l«»t. *rhr vaj»»r tlowing from tk 
eai»»U»n'Cc*II* at the iem|M-RHure /, and the jirmure h 
usually dry and miwwied, »>r |*crha|»» slightly »«|K*rhMledt aall 
appwttche* the r«Wj»rwM*r. Each jMiund conswjuently carries 
fttun the rajitindlog-cciik the total Heal W,. t omwpirntlj 
the heal willidrawo from th*- r*|K»ndinR coil by a machine ilsltl! 
M jMiumk of tlutd jeer miniitr is , 

- M tli ^ - it'f • ’ ' • * ■ 

The tomprcw.r'cylind*'*' nlway* ccudwl by a water-jack^ 
but it k not |md«blr that such » jarkei Iwc much efet «n tk 
wwkiog wlwtance, wbkh enters the cylifKler dp* ant ■ 
b«t«l by romprmton- VVr way c«ftm|ur»fly c,,l.Mkle tt 
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temperature of the vapor delivered by the compressor by aid of 
equation (8o), page 65, giving 


This equation may be used because it is equivalent to the 
assumption with regard to entropy on page 121. The value 
of a is i for ammonia and 0.22 for sulphur dioxide as given on 
pages 119 and 124. 

As has already been pointed out, the vapor approaching the 
compressor may be treated as though it were dry and saturated, 
each pound having the total heat The vapor discharged by 
the compressor at the temperature t, and the pressure will 
have the heat 

S “ h) + ^v 

The heat added to each pound of fluid by the compressor is 
consequently 

ft “ ^1) + -ffi — 

and an approximate calculation of the horse-power of the com- 
pressor may be made by the equation 

• 778^ Uv ft - <i) + -g, - gj _ _ . q) 

33000 

or, substituting for M from equation (249), 


33000 

The power thus calculated must be multiplied by a factor to 
be found by experiment in order to find the actual power of the 
compressor. Allowance must be made for friction to find the 
indicated power of the steam-engine which drives the motor ; for 
this purpose it will be sufficient to add ten or fifteen per cent of 
the power of the compressor. 

The heat in the fluid discharged by compressor is equal to 
the sum of the heat brought from the vaporizing-coils and the 
heat-equivalent of the work of the compressor. The heat that 



m \p2 } m 

IS is explained on page 363. The volume thus found is further 
;o be multiplied by a factor to allow for inaccuracies and 
imperfections. 

The vapors used in compression-machines are liable to be 
mingled with air or moisture, and in such case the performance 
of the machine is impaired. To allow for such action the size, 
and power of the machine must be increased in practice above 
those given by calculation. Proper precautions ought to be-' 
taken to prevent such action from becoming of importance. 

Calculation for a Compression Refrigerating-Machine. — Let 
it be required to find the dimensions and power for an ammonia 
refrigerating-machine to produce 2000 pounds of ice per hour 
from water at 8o« F. Let the temperature of the brine in the 
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must be carried away by the cooling water per minute is con- 
sequently 

Q, = M (H, - 3 ,) + M\c^ {t, - t,) -H - H,\ ; 

Q +r^} ,,(252) 

where is the heat of vaporization at the pressure p^. 

If the cooling water has the initial temperature and the' final 
temperature and if and are the corresponding heats of 
the liquid for water, then the weight of cooling water used per 
minute will be 

a + Vi 

If the vapor at the beginning of compression can be assumed 
to be dry and saturated, then the volume of the piston displace-' 
ment of a compressor without clearance, and making N strokes 
per minute, is 

D-^ (^S 4 ) 


To allow for clearance, the volume thus found may be divided 
by the factor 










FLUIDS AVAILABLE 


freezing* tank be 15® F., and the temperature in the condenser 
be 85° F. Assume that the machine will have one double- 
acting compressor, and that it will make 80 revolutions per 
minute. 

The heat of the liquid for water at 80° F. is 48 b.t.u., and the ' 
heat of liquefaction of ice is 144, so that the heat which must 
be withdrawn to cool and freeze one pound of water will be 
48 + 144 = 192 B.T.U. 

If we allow 50 per cent loss for radiation, conduction, and 
melting the ice from the freezing-cans, the heat which the machine 
must withdraw for each pound of ice will be about 300 b.t.u.; 
consequently the capacity of the machine will be 

= 2000 X 300 ~ 60 = 10000 B.T.U. per minute. 

The pressures for ammonia corresponding to 15^ and 85° F., 
are 42.43 and 165.47 pounds absolute per square inch, so that by 
equation (249) 

T .. T ,( i^r .(,5 + 460) 


The horse-power of the compressor is 


778 X 10000 fo.50836 (208-85) + - 535 
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If lo per rent l» altewnl f«r rlraranrr and imperfect wlvei 
action, the piston di'tpkirnirni %vi!l {»*' tmr luliii ff»t, aad th^ 
diameter may Ik* made int hr« and thr stroke ao inch««. 

Fluids AvaiteWa* ~ I'lie tlwid'* that Harr Iwrn usttf in compres-^ 
*km relriRmUMjt-marhinr* arr nher, sidphnr dioskic, ammonift,; 
and a mixluri’ «f wipimr dtoxklr and i«rtM»n di«»i£kic, known as^ 
Pictet’s ft«M. The prrwnrt's «l ihr of these fluids at 15^,; 

cral trmperaiurw, and also thr |irrM»rf«»f the wporsof methylic* 
cthrr and mrtort dioxide, urr Kivm in thr ftdhwing tabtei ' 


|»ttKSS|f«KS rir VAl'ilKs, \tM t»r MtWfItY. 


ih^mm ] 

fc-. V 1 



fife## 

- p 

.) « 

*• f® 

^,:l| 

- m 


m 1 


m 1 


m 

4|f^« 

m \ 


i 

m'f « 

.. 





1 

tMhm 

, ; 

Iiiip# 


##| 4 ' 

■lin 1 . 

1 

•vy..'’, y 

IT" 

4n 1 1 

Il*§l 


Ifw 

|6i 1 [ 

1 

in.i ft ; 

WJ48 

$1% 1 j 

%'^jm « 

iiii 1 


Iflt'ft 1 

fi ■ 

ifik ^ 

i imt 

i|i# . 1 j 

Ifiil i% . 

r*l»'| « i 

! M|tf 

Mi* * ! 



' 164119 

1 


iil^n i ; 

%iAl 


risKii 


m \ 

»t* 
t.Wt 1 

: 

!>#<■; 

i^i 

4»ti 


Killer waA uwtl in the rarly c nmprwion marhinw, liut at thj 
temprraturiCT tnaintoinnl in the rrlrigrrutor llw piwtarr ij 
snmll and the afirrifr eolume lar^. m iliai the nwehin®, 
ttir refriptallni-Mwchinr*. ww rlihrr firWe nr bulky. Mow 
owr, air w«.« IliWe to Irak ini« ihr war bine amt umluly h»t tl 
cnniprwiiof ■eyliwlft. Sulphur dluiidr ha* bern wed *iJcc®i 
fully, Imt it ha* the tli«tl%«ii!age that sulphurk acM nay I 
formwl by ihr IcakaRe i4 mowure into ihr wathiae, in wWc 
eiw rapkl «*rrt*ion cift'ur*. Amnwnw Iw* betn ntcnsiwl 
t»€t| In Ihe wore rn'eni marhinn* ^iih i«»d rrsttiti. Mkl 
dhlilW from »n ar|M«»ii« it i* liable in contain 

sktoTOWr fwiwlurr. As U *h«tan by Ihr table, Pkirt's fluMhi 
a prewure »l low Srmparaiwfr inirrmwlktc Iwiwfrn the jirtiwtfj 
of sulphur dkwkir and awnwiok, and the firmure lirrrtk 
dbwiy wlife Ihr ictti|icrmiurr. If ha* l»ro uwl by tl« Inwij 
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only, and does not appear in practice to have any advantage over 
ammonia. 

Absorption Refrigerating Apparatus. — Fig. 89 gives an 
ideal diagram of a continuous absorption refrigerating appara- 
tus. It consists of the following essential parts: (i) the gen- 
erator B, containing a concentrated solution of ammonia in 
water, from which the ammonia is driven by heat; (2) the con- 
denser C, consisting of a coil of pipe in a tank, through which 
cold water is circulated; (3) the valve V, for regulating the 
pressures in C and in J; (4) the refrigerator 7 , consisting of a 
coil of pipe in a tank containing a non-freezing salt solution; 
(5) the absorber A, containing a dilute solution of ammonia, 
in which the vapor of ammonia is absorbed; and (6) the pump 
P for transferring the solution from the bottom of A to the top 
of B\ there is also a pipe connecting the bottom of B with the 
top of It is apparent that the condenser and refrigerator 
or vaporizer correspond to the parts B and C of Fig. 88, and 
that the absorber and generator take the place of the compressor. 
The. pipes connecting A and B are arranged to take the most 


concentrated solution from A to B, and to return the solution 
from which the ammonia has been driven, from B to A. In 
practice the generator B is placed over a furnace, or is heated 
by a coil of steam-pipe, to drive off the ammonia. Also, arrange- 
ments are made for transferring heat from the hot liquid flow- 
ing from jB to A to the cold liquid flowing from A to B. As 
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the imtJMinia is itisliilnl fr«jni wairr in B ihr va|wf drtwi off 
contains some nwislnrr. which cauws an nnavoidaljle q{ 
cflkicncy. 
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Water hi *praywl Inin the t«im|»rewic»s! * ylimlw, tiri the ai 
ii further r«i!wj by ihftmgh an a|»|«r»tii» r«*irtal»!ln| 

a itrani engine |r|.tttn«Jpn.wr. afier whkh it k cIrW hf pt* 

It thtough a spirni «f in ihr odil r»in hrimv It 
to ihr r*|»ttn»i«n rylimlrr. 

In ihr !«!*, imikator* werr aii»i hrd i« isif h rml «f the m%ti 
eylintlrrs, and ihr tein|^f«i«rr of ihr air was lalen »t mimocj 
to anc! csii ftow *«th »4 thr «if rylif*f}rr», Sjwlwww d th 
Indicator ■<!«§« m« f«»m ihr »{r t j,}i?it}en* show ter the md 
fMrwwtr » dlfhi ml«c«l«n of j»rr%s«r»' during wlmfate attj 
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cylinder a little wire-drawing at cut-off, and a good expansion 
and compression, though neither is complete. No attempt 
was made to measure the amount and temperatures of the cool- 
ing water. 

, The data and results of the tests and the calculations are- 
given in Table XXXVI. 

Table XXXVI. 

TESTS ON BELL-COLEMAN MACHINE. 


.Number of test 

Duration in hours 

Revolutions per minute 

Temperatures of air, degrees Centigrade : 

At entrance to compression-cylinder 

At exit from compression- cylinder 

At entrance to expansion-cylinder 

At exit from expansion- cylinder 

Mean effective pressure, kgs, per sq. cm.: 

Steam-cylinder: head end 

crank end 

Compression- cylinder: head end • 

crank end 

Expansion-cylinder: head end . 

crank end 

Indicated horse-power : 

Steam-cylinder 

Compression-cylinder 

Expansion- cylinder . . . • v,.- • *,• • 

Mean pressure during expulsion from compression-cylinder, kgs. 
Mean pressure during admission to expansion- cylmder, kgs. . . 

Difference • • * ‘ 

Calculation from compression diagram : 

Absolute pressure at end of stroke, kgs. . . . 

Absolute pressure at opening of admission-valve, kg.; 

Head end 

Crank end % . • , * * ■ : ' ‘ * 

Volume at admission, per cent of piston displacement ; 

Head end 

Crank end 

Weight of air discliarged per stroke, kg.: 

Head end 

Crank end • • 

Weight of air discharged per revolution, kg. ....... 

Calculation from expansion diagram : 


Absolute pressure at release, kgs. : 

Head end 

Crank end , 


Absolute pressure at compression, kgs. : 

Head end 

Crank end 

Volume at release, per cent of piston displacement. 

Head end 

Crank end 

Volume at compression, per cent of piston displacement. 

Head end 

Crank end 

Air used per stroke, kg. : 

Head end 

Crank end * 


Air used per revolution ‘ 

Difference of weights, calculated by compression and expansion 

diagrams, kg 

In per cent of the former . 

Mean weight of air per revolution, kg . . ‘ 

Elevation of temperature at constant pressure, degrees Centigrade. 

Heat withdrawn per H. P. pur hour, calories * ' * ' 
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Table XXXVII. 

TESTS ON REFRIGERATING MACHINES. 
By Professor Schroter. 


I Linde. 

I:;:;;;;;:;;::;;;;;; ii 
6:; ;; 


0 Pictet. 

‘‘ 


Dimensions of the steam 
cylinder. 

Diameter of 
piston, mm. 

Diameter of 
piston-rod, 
mm. 

Stroke, mm. 

371; 

5^; 5 


^oo 


6o2 

;; 


i; 

330 


740 

4^0 

68 

pc» 

U 


“ 


Dimensions of the 
compression cylinder. 


Absolute pressures of vapor, 
kilos, per sq. centimeter. 


Cooling water 


In compressor 
during 
expulsion. 

In condenser. 

In compressor 
during 
admission. 


6.99 

.... 

p.ss 

9 ‘ 3 i 

2.50 1 


13.66 

.... 1 


14.06 

.... 


14. II 

.... 1 


13.78 

.... 1 

8.13 

7.87 

2.36 

10.68 

10.41 

2.97 

3-77 

3.22 

0.45 

4. II 
4.23 
S.8x 

3.50 

3.62 

5 . 11 

0.63 

0-73 

0.67 

1 


Ice formed. 


Hia till 

0) s d A 


Temperature of 
water or brine 
cooled. 


— 6. os 1 — o.oS 
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TESTS OF COMPRESSION-MACHINES 


Tests of Compression-Machines. — ^In Table XXXVII are given 
the data and results of tests on three refrigerating- machines 
on the Linde system using ammonia, and of a machine on 
Pictet’s system using Pictet’s fluid, all by Professor Schrbter. 
The tests on machines used for making ice were necessarily of 
considerable length, but the tests on machines used for cool- 
ing liquids were of shorter duration. 

The cooling water when measured was gauged on a weir or 
through an orifice. In the tests 3 to 6 on a machine used for 
cooling fresh water the heat withdrawn was determined by 
taking the temperatures of the water cooled, and by gauging 
the flow through an orifice, for which the coefficient of flow was 
determined by direct experiment. The heat withdrawn in 
the tests 7 and 8 was estimated by comparison with the tests 
3 to 6. The net production of ice in the tests i and 2 was deter- 
mined directly; and in the test 2 the loss_ from melting during 
the removal from th§ moulds was found by direct experiment 
to be 8.45 per cent. By comparison with this the loss by melting 
in the first test was estimated to be 7.7 per cent. The gross 
production of ice in the refrigerator was calculated from the 
net production by aid of these figures. In the tests 9 to 12 on 
the Pictet machine the gross production was determined from 
the weight of water supplied, and the net production from the 
weight of ice withdrawn. 

A separate experiment on the machine used for cooling brine 
gave the following results for the distribution of power: 


Total horse-power 57 -i 

Power expended on compressor .... .' 19.5 

“ “ “ centrifugal pump 9.8 

“ “ “ water-pump .......... 3.6 


The centrifugal pump was. used for circulating the brine 
through a .system of pipes used for cooling a cellar of a brew- 
ery. The water-pump supplied cooling water to the condenser 
and for other purposes. 
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A similar li-st «»n ihr i’itu-t itui'hiiir save: 


. 7.9 H.P. 
16.6 “ 

30,0 ' * 


I'tjwt'F of engine alnne . 

“ •' “ iin4 inlcrmiilkte gear .... 

•' gear, ami 

In tSHH «mj|»;iralivf tnu were mmir by iVofosar Schrater, 
tin a Liwk ami an a l%let rrfrigrraling machine, In a npeeW 
builtling {iravklwf by the I.imlr C*i»m}mny which had every 
ranvrnicnte ami faciliiy lar cMfi wurk. The following tabte 
gives the |irim'l|»al tllmrnsiiins of Jbr machlm**; 

fRIMril'A,!. tilMEN'imN-S «>E ! INUE ANU HfTET 

MKERniERAttNli AlACillNES, /r 


P# rtrsBi-cylinAff, ♦» 

SiftftI#* ^4 «■«> , , , , . 
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Tlir Ltetir aiiirtiliir uml Ammmh ^titi wm dhmmi m rlmw 
1 mitiiirr of lii{iifri 4fifi ¥i|«ir Inin liir rcifii|wniiir« m that m 
wiilrf’Jiikrl Win rr^fiiiwi Tlir l%lrl iiitcitiiir iii^ PkM*i'' 
§mU li 1^ i of «iil|itiiir liinnkir mil rtrlmft ciwk!# 

iufi t»i| ihr rc^iW lif i w/iirr 'larlrl. 

The liiii iml tmulu of ilie are in TtWr XXXVIlt 
Piw trtifi wrrr iii44r «ii rich niAi'litor, The of 

ifw «i!l ^iliilltin m hflmt, tmm wlifcli lir^i wiiWmwn bf tte 
wa'i iitnwfif iii %^»ry iiImiiiI llirre 
frciw mtmm r in rtli. Ttie r^iriftre were liitriicW 




TESTS OF COMPRESSION-MACHINES 
Table XXXVIII. 

TESTS ON REFRIGERATING-MACHINES. 

By Professor M. Schroier, Vergleichende Versuche an Kultemaschinen 

One vaporizer. 

Pictet machine. till 


Steam-engine : 

Revolutions per minute ........ 

Indicated horse-power 

Compressor : 

Horse-power 

Mechanical efficiency, . . ....... 

Pressure in condenser, kilograms per square 

centimetre * 

Pressure in vaporir.er, kilograms per square 

centimetre 

Vaporizer i ^ , 

Mean temperature of brine, entrance . . 
Mean temperature of brine, exit .... 

Specific heat per litre ,• • • 

Initial temperature of brine, entrance . . 

Initial temperature of brine, exit 

Final temperature of brine, entrance . . . 

Final temperature of brine, exit 

Condenser : , , 

Mean temperature of coollng-watcr, enlrpce 
Mean temperature of cooling-water from 
condenser 

Mean temperature of cooling-water from 

Initial’^^cmperatiire ’of 'ccmdenslng-water, 

entrance 

Initial temiicrature of condensing-waler, exit 
Final temperature of condensing-waler, 

entrance ■ ‘ 

Final temperature of condensing-water, exit 

Error in heat account, per cent 

'Refrlgerallve effect, calories rxjr horse-power 
per hour 


31 . 8 l 

30.88 

18.7s 

15.93 

i6.8a 

0.771 

16.10 1 

0.771 

14,26 1 

0.761 

11.83 

0.743 

3 . 9 P 

3.01 

3 84 

4.2s 

1.47 

I. os 

0.68 

0.17 

6.10 

3.08 
0.850 

6.09 ! 

3.03 

6. II 

30s 

— 1 . 96 
“-4.98 
0.847 

— 2.03 

4.99 

— 2.04 
—4.98 

~ p.92 
— 12.91 
0.84s 

— 9,91 
12. 91 

— 9.94 
•—12.88 

—17.93 

— 20 . 96 
0.841 
— 18.00 
— 21.00 
— 18.00 
— 21.00 

9-^5 

9.60 

9,61 

9.68 

19 73 

19.70 

19.59 

IQ-Sr 

15.!) 

IS. 6 

16.8 

16.7 

9 .S 7 

19.71 

9.64 

19.72 

9.58 

19-37 

9-68 

19.5a 

0.67 

19.71 

-f-o. 6 

9-37 

19.64 

+0.6 

9.61 

19.3s 

4-0.4 

9.73 
19 . 59 

-1.3 

3507 

2556 

1853 

1075 


Linde machine. 


Steam-engine: 

Revolutions per minute 

Horse-imwer 

Compressor : 

Horse-power 

Mechanical efficiency. ... * 

Pressure in condenser, kilograms per square 

centimetre 

Pressure In vaporizer, kilograms per square 

centimetre 

Vaporizer s , . , 

Mean temperature of brine, entrance . . 
Moan temperature of brine, exit .... 

Specific heat per litre 

Initial temiierature of brine, entrance . . 

Initial temperature of brine, exit 

Final temperature of brine, entrance , . . 

Final temperature of brine, exit 

Condenser ; 

Mean temperature of cooling-water, entrance 
Mean temperature of coolmg-water, exit, . 
Initial temperature of water, entrance . . 
Initial temperature of wnt&r. exit , * , . 
Final temperature of water, entrance . . 
Final temperature of water, exit ..... 
Error in heat account, per cent . . . . * 
Refrigerative effect, calories per horse-power 
lour 


ii:l6 

45.1 

17.03 

44.8 

15.70 

45-0 

24.41 

iS-ao 

0.833 

14.31 

0.840 

12.63 

0. 80s 

21.86 

0.89s 

9.24 

9.00 

8.89 

14-03 

2,95 

a. 13 

i.sd 

2,95 

—2.02 
— S.02 

0.846 
—a. 05 
— S.oa 
2.04 
5-04 

— 9.99 

— la.QX 
0.843 

— 9.9s 
—12.94 

9.97 

ia.89 

—17.92 

—30.82 

0.S40 

—17.97 

—20.83 

17,06 

20,83 

— a. 03 

— S.oi 
0.84s 

— 2 . 03 
—.5.00 

2.03 

S.OI 

9-54 
19. <53 

9 . 55 
19.4a 
9.54 

Ilf 

9.61 

19.84 

9.61 

19,82 

9.60 

19.89 
— 1,9 

9.61 

19.72 

9.64 

19.79 
9.56 
19,88 
— 2.1 

9.68 
35-33 
9.68 
35-45 
9.65 
35.44 
+ 1 

‘:>lS2 

2336 

1711 

2022 




MAt'HtNKH 

la Ik," 6“ t‘.» ”■ i’., lo” ( ■> aiul «S" (*, The cooling 

water With MijijiJinl !»» ihr t undrUHi-r »t itlmui C., for all 
tcHis, ami far ail init c»w ii iefi !h«- uimh-riM-r with a temperature i 
of nrurly thr fifth test t»r» «n h miuhine was made with! 

the esil lemswratitre af the rtMihng walrt at alKiiit 35® C. 

*rhe jirewinre i« thr tum{»re%^ir ilejiemlwl, «f caursc, on die! 
fem{»ratur» af thr brine ami the siailinM- water. For all the 
tests exeept the fifth «*R r«vh ftmehine, the nmsimura prtmre i 
«f the warkiag suteanre was rtrnrly eansiant : »b»ut i) kibgmmg i 
fH-r square scniirmirr fiir amnmnia ami alami 4 kibgraras forj 
Fkin’s fluki. 'Fhe fifth tra*t hatl « anmlrrahly higher prmure, 
carrwjwmcling ta thr higher trro|irr»iiirr in the utmlenser. The! 
nfinitnum iirewurc yf the wiirking sulnstame nf tuuiwe diminished I 
as the brine lrm{*-ralyrr fell. ! 

The heal yiehfrtf |trr hmur l«i the ammunia in the vajmriwrj 
was irak'uktet! by mtillijdvtng i«gtihs-r the «i««unt «f hrine uiged | 
in an hour, the !i{»efif«' hr»i i»f ihr brine, and Its increase of j 
trmjsrrature. but thr initial and final lenqirrafuiw wm not 
quite eansliinl, and *»* a rtirrrtiiim wa* «j»j»IW. The heat 
itbsiMtlnl friuii the animania in the camlmser wa* cakukled 
frtim the water w«rd fier haiir and its inrrtww «f tenii»er»turB, 
Thr rflli'uktbn far Fktrf's mat'hinr inwdvcs «i«» the Jacket* 
water «ml Its Intrrasr nf lewfw’raturr. A eorrrrtbn i* applied 
for the ^ariatians id Initial and final iem|rrai«re» of the 
itadiog' water. If the heal ec|niv«irni id the work id the com*; 
prtf»A«r l« mititti 1 m the hrat yieWrtI by the v»}»tirlw the stt»: 
shnuiti lie equal to the heal »t»lratlr«l by the nmling-wtw.i 
The fjer cent id ififference Iwtwren thr'se iwti rabultthatt of 
the heal al»lr«rird by thr ewollng water i* a nwanre of the; 
Eccuftcy of the le»i», 

The refrigrrailer effrti k »bsatiie»l Siy diefeling the hmtybWed: 
by the v«|M»ri^rf by thr horwr-iMiwcf id the steam cylinder. Thi 
firit four i«t» with c«»n*i»B! lewiierature in the condenaer show, 
* wfttttar drerea* in the rrfrigrmtiw eff«i for each machine 
m the temperalufe «d itir brine and Ihr winimiiin prmure of 
ite iw*rki»g iutwlancr is rcducrd. Thr fifth t«t, with a 
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TESTS OF COMPRESSION-MACHINES 


higher temperature in the condenser, shows a less refrigerative 
effect than the second test, which has nearly the same brine 
temperatures. These results are in concordance with the idea 
that a refrigerating- machine is a reversed heat-engine; for a 
heat-engine will have a higher efficiency and will use less heat 
per horse-power when the range of temperatures is increased, 
and per contra, a refrigerating-machine will be able to transfer 
less heat per horse-power as the range of temperatures is 
increased. 


Table XXXIX. 

TESTS ON AMMONIA REFRICrERATING-MACHINE. 

By Professor J. E. Denton, Trans. Am. Soc, Mech. Kngr., voL xii, p. 326, 


preeaur© abova afemaapUara, jMmiitls p<ir Iiiflh j 

Aramowla from oomprt^ior, 

Amracmia bfwsk-proBMur#. 

Barometer, irwboa of moroory. . 

Temporatiir®, tiogruoa Falirtohoifc j 

Brmai inlet, 

outlet, 

Oondeualng-wiiteir iulf fe. 

outlet. 

daeket-wftter, Inlet .................................. 

Aturaottia-vapor, leaying brluthtaiiJc 

euterl ng tiomprwaor. 

1 wittf eomproMor. 

ealmilatecl...,. 

imtir! iig ooudona tr 

Brine, poumli per mtuww. ... 


SpeolHo Betit, , , . 

Ammonia, lb«, per min. by metre., vr • i ■ • : ■ 

from eompre»»or diuplaeemeut. 
Heat aoeount, u.i'at. per mlnuti i 
Given to ammonia by brine. 

oomproiaor.. 

atmoapbere. . ................... 

Total reoelvttl by ammonia, 

Taken from ammonia by oondenser . ....... 

Jaeketi. 

atmoipbero ........... 

Total taken from ammonia., . 
Hrror, per eent* . ........................................ 

Bower, ile. t 

Bevoltttkma per mlnnfce., ♦ 

r ateam-eylinaer.,.,,.....,.,,,..,.. ....... 


Hone-power i 

oomnreiiaor,. 

MeobanleaJ effiofenoy, .................... 

Befrigeratlvif effeetj 
Tone of lee (meltetl) In 94 boura. , , . 

B,T. 0 . abBtraeted from brine per bor«e-power minute 
Bound# of ice (melted) per pouritl of coal., 


I 

n 

HI 


JSa 

147 

38 

8,3 

*3 

30.07 

30. SO 

90.87 

3^.7^ 
118. 80 

6.37 

*4.a0 

9.03 

jft.fls 

85 .4 

a. 30 

44.65 

83.66 

46.0 
is. 46 

44.6 s 

56.7 

46,0 

34.9 

*4*7 

3.0 . 

30 

33 

10.13 

21$ 

363 

X 

mg 

304 

3 18 

aoo 

aoo 

nBi 

9173 

043.8 

Ilf 

1.174 

0,78 

1,174 

0.78 

........ 

14*68 

16.67 

99.10 


71876 

3330 

8894 

95*8 

140 

*47 

167 

17703 

0653 

0036 

11400 

17349 

OPO 

608 

719 

656 

tSa 

338 


1803 a 

101 06 

a 

1 

$>s 

JS.OO 

Bs.e 

37.7 

57.88 

71.7 

73*6 


54*7 

0*83 


0.86 

74.8 

36.43 

44*64 

174 

*07 

107 

»4 . JE 

X4.r 

17.97 


rv 


j 6( 

a7.S 

30,01 


2 $, 4 $ 

§4.00 

Ss.ac 

$4.3 

# 0.9 

34 

991 

\il 

9374 

0.78 
98.39 
34' SS 

14647 

3030 

17708 

*7350 

406 

18017 

n 

fs-.!" 

71,8 

0.83 

74 *58 
106 
a3'37 


Table XXXDC gives the data and results of tests made by 
Professor Denton on an ammonia refrigerating-machine. The 
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RirKICEKATINt* MAflHNES 



only item* rwjulring «-Js|<!«naij*»n itrr ihr ri{rigi*mtive effect ' 
and thr calrulalrtl trm{tt’ralsirr «4 thr va|M<r leaving the con* 
denser; the latter wa# r«k-uhit«tl l*y thr rqualion < S 


T /AV ** 


and shows {«»lh the s tmling rffrti of the Jacket and the wot in 1 
assuming an adklwlir comjwrssion. Thr rv|jtinenl uswl hm 
is a trifle smallrr than Ihal of equation iwge 407. The ; 
rrfrigrwtivr elfeci was *»hlaifie«l !»>' ihvidiog the M.T.U. given j 
tc» the jimmonk in a miinitr !»y ihr horse-jwnver of the strani. ; 
cylinder. Thr tiiti* |«t honw*- j»**wrr in 24 hours was ohtaineti , 
hy multiplying the rrfrigrmiivr ri'fni in ilnTtml units }»er'; 
tnintile hy the mindter of minutes in a «h*y and then dividing i 
the prfKlurt hy kjto flhr jH*wnds in « short l*ml and hy 144 
(the heal of mrhing u |«nind «»f net. I'hr jwunds of ifejxri 
l»jjun«l of »««t was Isiwtl on »n assuiwd lonsumpiinn of three, 
jimtnd* of f«wl |*T hof«- fw-r hour, and was rtlnikf«I< 

hy mul!$}4ying the iwr hofsr imwrr t«-r minute hy tio 

and dividing t*y j 144 - i 

Thr fiMiin dimension.* of ihr rruichine wrrr ; ’ v 


tr iwto 

|0 M 

fi * 

je " 


IlkftW'lr# «if mnmwM t rliilikf 

Slff»lr <^4 '■ 

i 4 . ■■ ■,■ .■ ■- 

lilwli? tl ^ .. . . 

I® mimimf 

T«*t of «*» AJwirplifw-Hincbmi. ■ Thr primip*! data and; 
the rrsuft* of a irsi made Iry l*f*4r*»«»r |. K. Ilt*nlt»n* on nn 
al«»r|iii»*n amnnmw frfrigrraiing iiwrhlnr arc given in T«hb; 
XL. Thr marhlnr I** a|»|>li«i l« rhiti n room of nlwwt 4^,<3«j 
cuhlr ferl rajwrily nt a |«rk |«tking rsinhSishment at New* 
Htvtn, Conn, In tonnwilon with this t«i ihr »|»w'l6c heat of 
the hrinr, which »rrv«l a* « carrirr »4 hrai fr*»fn the toM r«>in' 
to tiw awwtmto, wn* dcirrminfd hy dlfwi rstprrimeal. The; 

• Tmm. 4m. Mm, Mrnih, firng,, «*«t », »*«». , . 





TEST OF AN ABSORPTION-MACHINE 


Table XL. 

TEST OF AN ABSORPTION-MACHINE. 
Seven Days’ Continuous Test, Sept. 11-18, 1888 


Generator 
Steam . . 
Cooler . . 
.Absorber . 


Average pressures 
above atmosphere 
in lbs. per sq. in. 


Atmosphere in vicinity of machine .... 

Generator 

T, . (Inlet 

(Outlet . . . . 

Inlet 

Outlet 

Inlet 

Outlet 

{ Upper outlet to generator .... 
Lower “ “ absorber . . . . 

Inlet from absorber 

Inlet from generator 

Water returned to main boilers from steam 
coil 


Average tempera* 
tures in Fahren- 
heit degrees. 


Absorber 


Average range of f Condenser 
temperatures"! Absorber . 
Fahr. degrees. iBrine . , 


Brine circulated per Cubic feet 
hour. Pounds 


Specific heat of brine 

Cooling capacity of machine in tons of ice per day of 24 hours 
Steam consumption per hour, to volatilize ammonia, and 


operate ammonia pump pounds 


Eliminated I ' ' ■ ' ' 

( Total per hour 

Of refrigerating effect per pound of steam 

consumption 

. , ( At condenser, per hour .... 

Rejected I “ • - - • 

f On entering generator 
Per pound of steam.^ OnWvins cenerator' 


British thermal 
units: 


Condensing water per hour, in pounds 


Equivalent ice production per pound of coal, if one pound of coal 

evaporates ten pounds of steam at boiler * * * 

Calories, refrigerating effect per kilogram of steam consumed . . 
Approximate c o i 1 f Condensing coil . 
surface in sq. ft. ^ Absorber “ 


mvmr.mArmiuuAcnmm 


43 a 

brine chilW and she tmding wait-r us«i were measured with- 
meters, which were iritrrwiinls twHti under the conditions of 
the esiK'riment. 

It is intcrwiing to comimre the rcfriirraiive edecls esprmed in 
founds of icc per jmund of rml. On this Iwsis the campcmlon- 
machine tested hy iV«f«s«»r Ifmion Iw m advantage of 

34.* -t],t ^ ^ 

!i4.» ■ 

But this «im|»ri«in fa fealty unfair to the comprCiJsion. 
machine, for its steam -engine fa awmmutl to rerjuire a «msump» 
lion of three jutuntfa t»f coa! f«’r horse- |a»wrr {kt htmr, white the 
calculitkin for the aiwtrpiton-miif hinr fa l«»«l on the ai«mnption 
that a fitiund «f c«i can eva|«»nitr ten |»und* of water; but an 
automatic cfindensing-cngine of the given fwwer should be able 
to run on so or as {Miutwl# of »ic«m fwr har»r>fmwer {«r hour. 




CHAPTER XVII. 

FLOW OF FLUIDS. 


Thus far the working substance has been assumed to be at 
rest or else its velocity has been considered to be so small that 
its kinetic energy has been neglected; now we are to consider 
thermodynamic operations involving high velocities, so that the 
kinetic energy becomes one of the important elements of the 
problem. These operations are clearly irreversible and conse- 
quently the first law of thermodynamics only is available, and if 
any element of computation involves reference to equations that 
were deduced by aid of the second law, care must be taken 
that such computations are allowable. It is true that all prac- 
tical thermal operations are irreversible for one reason or another; 
for example, the cycle for a steam engine is irreversible, both 
because steam is supplied and exhausted from the cylinder and 
because the cylinder is made of conducting material But 
adiabatic operations in cylinders (which serve as the basis 
theoretical discussions) are properly treated as reversible and 
the deductions from the second law may be applied to that part 
of the cycle. In particular the limitations of the discussion of 
entropy on page 32 have been observed. 

Three cases of continuous thermal operations have h 
discussed (i) flow through a porous plug, (a) the throttling 
calorimeter, (3) friction of air in pipes; to which it maybe well 
to return now. In all, the velocity of the fluid has been so small 
that its kinetic energy was neglected; in none of them was any 
reference made to equations deduced by the aid of the second 
law of thermodynamics. Rather curiously, all the operations 
were adiabatic, using the word to mean that no heat was taken 
from or lost to external objects; in the case of transmission of air 
in pipes, this comes from the natural conditions of the case 


ryjw cir 




Ml 




P\ 





and In the aihi-r twn o|ifraibrf!i there was careful insulation' 
from heat. Nt»«r of the t»|a-riak>ns are bwntrojjir; for instance, 
the entropy of steam suppliol to the eulorimeter on page i^2i 
is ttijoul ii»o ami the entropy of the »u}«*rheateil steam in thei 
t alorimeler » iilnout 1.73; hut this ilia’s* not enter into the .solutionj 
of the prohirm and b more rnrions than useful. i 

The flow of rtnids throupih ori!k»-s and nowlw hag l»come| 
even of more im{»oriamT than form«-rU on aeuumi of thedwlop-' 
meni of steam turlunw. Thu* far all eonipuiailons have bee^ 
hasetl on «diat»«ik miion, and when attempt is made to allor^ 
ft>r fririion it » done liy ihr ai»plkaiion of an e.%|»'rimentalj 
factor to results from adlalwlk loistpuiation*. 

'Pile follottitiR is the Itislonwry meth<i«l of wlahlkhlng tW 
fundamentid ct|U4ii«n. Jittp|«»e ihm a thud is flowing fwii 

the iargrr pij*e A into the pipe Sj 
there will ilrarly !«• an Increase if 
I’rittti!)', with a rntuciion in prmure 
The lif»l law of ilieri'ttotlyimmfcl 
m enpfmMni liy riiualttm (ih), page 
nefd* the addilkm of a term to 
account ol the ilwngr In kinetic energy, and way Iw wrtttc 
- 4 f4f: t dlP t dA'I: 
the k»l term in the |«fpnihrti» feprr-senH the inrrra*e of kind 
energy. 

1.4*1 It lie swpjmpd tliai ihrrr k 0 friciiMfilm piston In 
cyliwirr} the pkton In 4 earn* ihr prw»«re «» the fluW 
fmnl tif it, and the fiblon in B has on It the fluid prmtrt 
Each unit of weight of fluki fmwing frt»m 4 through the oril 
h#* thr work done on it, *hi!e ewh iwund eniertog 
cyliiiifer B does the work The ji,»«tim|4k»n «f phtwts | 

twsrely a watler »if conwnlrtirr, and if they are #upipr«wd 
mwp condiikw# with rrgwrrl to eaternal work will hold. ::j 

If the wlotiiy in 4 b I*, the kinrik wtrrgy of one unit 1 

|.fl I :]P 

weight In that c ylimlrr b ; ihr kinetk energy la H h •*! 

tar » ::'i 


jr 

4 





FLOW OF FLUIDS 


The intrinsic energies in A and B are and E^- there 
is no heat communicated to or from the fluid the sum of the 
intrinsic energy, external work, and kinetic energy must remain 
constant, so that 

T/ 3 y 2 


+ + 


■^a + + 


2 g • ' 

this is the fundamental equation for the flow of a fluid. 

If the walls of the pipes are well insulated there will not be 
much radiation or other external loss even if the pipes have 
considerable length, and in cases that arise in practice that loss 
may properly be neglected. There is likely to be a considerable 
frictional action even if the pipes are short, and the logical method 
appears to call for the introduction of frictional terms at this 
place. Such is not the custom, and a substitute will be dis- 
cussed later. 

Usually the velocity in the large cylinder A is small and the 
term depending on it may be neglected. Solving for the term 
depending on the velocity in B and dropping the subscript, 
we have 

~ - E, - Ej + pp), - p{ 0 ^ .... (256) 

Incompressible Fluids. — There is little if any change of 
volume or of intrinsic energy in a liquid in passing through an 
orifice under pressure, so that the equation of flow becomes in 
this case 

^ - (^1 - ...... (257) 

If the difference of pressure is due to a difference of level or 
head, h, we have 

where d is the density, or weight of a unit of volume, and is the 
reciprocal of the specific volume; consequently equation (257) 
reduce to 

»=■ A, (258) 

3 g 









ri jiw iir FLU I IIS 

which is the usual ri|Uttik»fs f»»r ihr iI»jw of a through a, i 

sma.il orififv. _ _ i 

Ff>0iw of Gto«». — The ifitrififtif energy of a unit of weight of I 

« « t 

which tirj»*?nd» only «n the romhiion of the anti not on any 
changw that have taken or nwiy take f»ktT. 1‘he equation for 
the flow of a ga* therefore 


w^lru.X. »■ 


If - » 
M 




I -* ^ 

At this |>lace it I# rtft!*»ntary to «» the rtjoitiitm 

....... 


m 


(2S9)i 


for the rwlurlfon of ihr rqoailon { J0I |m«I m lluiugli we were 
dmting with an a4kl««i* rsjwtwwn in a non tomluriing cted, 
cyittitier. Now the fori itwit itw fownergir line ami the te-j 
thermal line are |iratikalty hirntlial Hwgr ft;*! shown tbt d 
prfn-t m*> ha* m» dfogfegatfon mrrgy and t«»n«f|MeBlly forat^ 
a«!t»l«tk: than®? all the change in intrimir energy is avaflahta 
for dfiing OMiihfo work, whii h in thS# rase is »|»{»IW to IftcrtmsiM 
the kint'tfc energy of thr ga*, ln«le»d of lirinf ipfiilwl to tM 
of a mni|ir«*«i air mmr, If Ihk anah^ li itifowd 
etjuatbn {J59) may t» «*«l, and will yfoW 

** h*\ ** ^‘*'•0*) * * * 

•0 that wjuatfon Ciji) »*y !*■ refluce*! to 
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FLOW OF GASES 


This equation may also be deduced for the 
work of air in the cylinder of a compressed 
air motor. (Fig. 91). The work of admission 
is the work of expansion is by equatioij 
(81), page 65. 


and the work of exhaust is 


so that the effective work is 


which is readily reduced to equation (261). 

For the calculation of velocities it is convenient to replace the 
coefficient in equation (261) by RT^, since pressures and 
temperatures are readily determined and are usually given, thus 


If the area of the orifice is a, then the volume discharged per 
second is 


and the weight discharged per second is 


when V, is the specific volume at the lower pressure and is equal 


ri.t>w or rtiniis 


Sutetituting i-' fwm «|aitui»n Jiml r, fr«»m (363) and 

reducing 

The equalbns dnlucetl f«r thr thiw of air apply to the flew 
from a large rylimirr or reservoir iniu a ^mall straight tube 
through a roundwl cirifirr, Thr lower jirwuurr i§ the prasure 
in thr small «»Ik* »««} differs materially from the pressure of the 
sjiare into which ihr t«l»e may deliver. In order that the flow 
shall not lie mmh iitlo led In frw tiim again-*! the skiw of the 
tulje It should Ir short not more than t»m r or icvu e its jliameter. 
The flow d«t» not 8pj«'»f t« Ik- »t!iTi«l liy making the tube/;* 
very short, awl the degree of roundins is not imjmnant; the 
cijuallonn for the flow of lioih air and steam ««y l>e applid 
with a fair degree of iipjiroidRiation to oritk w in thin plata and ■ 
to Irregular orlfiew. '"S 

l‘r»fe»»»r Flirgner • a large mimln-r of rx|ieriment*onihe 
flow of air from a rm'fvidr into the atmmjihere, with prwsuroi' , 
In the rwervoir varying from Ite8 mm. td mew ury to 3366 mm. ' 
Hr Iiserl two dideitmt r>rifk'en, one «n‘l fh*' 7 * 3*4 wal- 

la diameter, both well roundefi at the eniranc-e. 

He foum! that the pre*«urr irt the orilfirr, taken hy meaM of 
*, small wde orlfwe, was o.3jr»7 »d the ftl»<«ilMie pr**iite In thr 
rwerwir wi long a* that prrMMre was, more ilwn twice the atom- 
pherfc jiiwsMre; under wth tondiikm* the jifwwre In theoriftce^’ 
Is lnde}n*adent of the jrre^ure of the aimr»j»hrre. ^ 

tf the ratio I* rrplnerd by the mimlref o.jihj and If * h ■■ 

pi 

replaced by its value t4»5 In w|uali»n we dsall have for 

the et|«ation hn the flow of a gas * 


s.aBiju ! 


* Jftir mi, B% j*. »l, it|4. 
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For the flow into the atmosphere from a reservoir having a 
pressure .less than twice the atmospheric pressure Fliegner found 
the empirical equation 


w 


= 0.9644a 


JA 


T, 


(266) 


where pa is the pressure of the atmosphere. 

These equations were found to be justified by a comparison 
with experiments on the flow of air, made by Fliegner himself, 
by Zeuner, and by Weisbach. 

Although these equations were deduced from experiments 
made on the flow of air into the atmosphere, it is probable that 
they may be used for the flow of air from one reservoir into 
another reservoir having a pressure differing from the pressure 
of the atmosphere. 

Fliegner’s Equations for Flow of Air. — Introducing the 
values for g and R in the equations deduced by Fliegner, we have 
the following equations for the French and English systems of 
units : 

French units. 


Pt 

Pt> ^Pa, w = o.39Sa-^; 


Pt < ^Pa, w = 0.790a 


English units. 


Pi> 2 pa, w = o.S3oa-^; 


p^ < 2pa, w = i.o6oa 5 .- 


p^ = pressure in reservoir; 
pa = pressure of atmosphere; 

Tj = absolute temperature of air in reservoir (degrees centi- 
grade, French units; degrees Fahrenheit, English units). 








‘ifj 


;-}|i 

;j 

Mi 




..j . , ^1 I 




iiiil 




■ 
;i. 'H: 

■'j-'f-i-.! 




■ 



rtyw or rLUius 


In thr Knglijih syntrm /», ami ar«* |K»Mml« jmt square inch, 
and (t is the area iif the urifttr in sqimrr inrhrs, while w k the 
flow of air through the oriliee in fmumb \mt m ornl. If detired, 
the area may Iw given in »c|uarr f«t and thr pressurtij in pounds 
on the square foot, as b the tommun convention In thermo* 
dynamics. 

In the French syi*tem le b the ll«iw in klhigrams jw second, 

The prewures may l»e given in kihigrams |»t’r scjuare metre 
and the area # In wiuarr mrtrw; or the arm may lie giwin 
sfpiare reiitiraeire*, atsd the j*ri-%sures in kilograms on the same 
unit of st.tm. If the |»re»«frt iirr in millimetre* of mercuty, • 
multiply by *“ ulmo^pherr-. multiply by 1033^. , 

Theoretical Maxima. -™ From a iHm wswi«»n of thr mean velod^ 
of inolct'Miw of a gas FHrgnrr drdiii'w for the maximum velocity , 
through an orifice 

r max *“ •* ' 

in meirir tmils. lii» ratio «f prewurf o.syhy insertrxl In equation 
(aha) give*** ^ 

r max •• t|.! '^r,. 

The aSgrbwk maximum of rtpiaikm (164) mrwrs for the 
ratio - 0.5JJ4, but thte ligtire protably hm no phytfasd ^ 


WIm 9i ¥«por, •— For a mixture of a IhjuW and to 

vajair rquatlon (i to), itaiy qj, uh<t» 

R ** "I (f + *|i|. 


» that r«ju»iijon (156) give* for Ihr ailial«lfc flow friiin a rwcp< 
lacle in which the initial cTlocIly b mm 

~ *1 Cf, - f */, - *^5,) + p^v^ - ppif {3^7} 


Sttteltuting fur w, «wl fj from 

V <« + IT, 
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^ +A<y{p^-p^). 

^6 

But 

p + Apu = f, "i 

ys i 

•■• ^ ~ + ?i - Sa +\A<r {p, - p,). , (268) 

■^6 V .- 

The last term of the right-hand member is small, and fre- 
quently can be omitted, in which case the right-hand member is 
the same as the expression for the work done per pound of steam 
in a non-conducting engine, equation (143), page 136, except 
that as in that place the steam is assumed to be initially dry, aCj 
is then unity. The intrinsic energy depends only on the con- 
dition of the steam, and consequently reference to the second 
law of thermodynamics first comes into this discussion with 
the proposal to compute the quality in the orifice by aid of 
the standard equation for entropy 

££l J. $ . 

rri ' I 7^ ' 2 ? 


the acceptance of this method infers that the flow of steam 
through a nozzle differs from its action in the cylinder of an 
engine in that the work done is applied to increasing tha kinetic 
energy of the steam instead of driving the piston. ^ 

Values of the right-hand member of equation (268) may be 
found in the temperature-entropy table which was computed 
for solving problems of this nature. 

The weight of fluid that will pass through an orifice having 
an area of a square metres or square feet may be calculated by 
the formula 


w 


aV 

»,«3 + C 


(268) 


The equations deduced are applicable to all possible mixtures 
of liquid and vapor, including dry saturated steam and hot 
water. In the first place steam will be condensed in the tube, 
and in the second water will be evaporated. 



wmm iir flu ms 











If steam bknvs uiu t»f an »»rilkr inia the air, or into a large 
recfjjtsule, ant! ittmes to rent, ihr fnt rgy of nmtion will lx? turned 
inlii In -It anti will suiterheat ihr .tleani. Hleani Wowing into the 
uit ’A ill Ir‘ wi'i near the orUkr, j*uj«’rhratf»i at a Utile distance, 
and it the air is* eool will »hi»w a** a tlttutl of mbt further from the 
orilke. 

Kunkins'i Eqttttioos. - After an inventigation of the esperi. 
mi nt', nmtlc by Mr. K. II. Xaftirr cm the flow of «tMm, Raakine 
iimiluflwl that the {iressurt? in the orifice b never km tlmn the 
jttr.-.uri' which givTit the iiw*timum weight of tiischarp, and 
that the efbehargr in |Miund!* jm-f MTond iiwy Ir rakultled by 
the following em|»irkal cijuatkm*: 

s p, 

p, — or >•■-#», w — ti* *■ I 
3 ^ 70 

V - li*# :■ 

* J 

in whkh p^ i** the |w»urc in ihr trwrvoir, i% the jircMurcof 
the atniwjiherr, With in jmiind# on l!»r M|uarr in» h. and a Is the 
area in sijiiare imlin*. 

'{'he error of thew* rt|Ma!iims i# liable i« Im* ata»ui two {wr ratt} 
but the flow through a given nrihtc may l»r known 
if te 4-. are miutr on it al or near the jirr^iirr during the flow, 
.md .1 'jirrtAl ronstant i» found for iliai orifk'r, 

Oraihtffs ferasttla. F»»r {»rc*muf» e*i ceding fiw-thWs 
of the external or Wirk |crrs»«re flrathod give* the folhiwing 
fiirmub for the diwhargr of fttcam through « convergliif orltkt, 

the weight tiring In g»n»» per net'tmif, the utm In «jua.KJ «{{• 
meirrT* and ihr firmwre in kih»grain» fwr «jtwre centiwwtr#. 
For English unlin thr eijMtkm h«-*imc*» 

w » o.oitis af-** 

the dl»::hi4rp twing in |io«fld« f»rf wrond# the mm In ttitiMe 
in» hi 4 nd the prewure in |»«Mnd* alwilntr |>er tq^rc Inch* 
Rateau ihow* that this formula b writ wrIficM by hi* cxpcrirMBti 
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on the flow of steam, and that when the pressure is less than 
that required by the formula the flow can be represented by a 
curve which has for coordinates the ratio of the back pressure 
to the internal pressure and the ratio of the actual discharge to 
that computed by the equation on the preceding page. 

The following values were taken from his curves : 


Ratio of bade pressure 
to internal pressure. 

Ratio of actual to computed discharge. 

Converging orifice. 

Orifice in thin plates. 

0 - 9 S 

0.45 

0.30 

0.90 

0.62 

0.42 

0.85 

0-73 

0,31 

0.80 

0.82 

0,58 

0-75 

0.89 

0.64 

0.70 

0.94 

0.69 

0,65 

0.97 

0,73 

0,60 

0.99 

0.77 

0-55 


0.80 

o <45 


0.82 

0.40 


0.83 


He further gives a curve for the discharge from a sharp-edged 
orifice from which the third column was taken. 

Flow of Superheated Steam. — Though there is no convenient 
expression for the intrinsic energy of superheated steam, and 
though the general equation (256) cannot be used directly, an 
equation for velocity can be obtained by the addition of a term 
to equation (268) to allow for the heat required to superheat 
one pound of steam, making it read 


Tp Pi 

~ ^ I cdt + 
2 g • Jh 

flng 

/ 


(269) 


The accompanying equation for finding the quality of steam is 
cdt 


' 4 * ' 


+ ^ 


(270) 


fT^JL J. ^ -*-2 

Here t and T are the thermometric and the absolute temper- 
atures of the superheated steam, is the temperature of saturated 
Steam at the initial pressure, and the temperature at the final 
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pressure, and the !rHrri» r, .itid r, and #, and represent the 
ct»rres{x»ndiiig liriils of vapors/^jiiun and rniroptes ul the Ijqm^ 
Both wpintions apidy only if the steam latomes moist at the 
lower pressure, whirh b the usual ijise. They may obvioueltr 
lx* mtwlihed In apply to steam that remains sufierheated, but 
such a form dtws not apjwar to have praeiieal afiplkatiou. 

The methoti of redurilon of the iniegralA in etjuailon (36^) 
and (3|o) is given on |«»«e st 1; aitmtiun is odled to the fact 
that the letnjienilure rntri*py uiUle affords ready solution of 
eqmuimt (rfajt, also of the vehniiy flow liurtng which the steam 
remains sufrrheated. ^ 

Flow In T«b«« «att •fhe vehxity of air or attain 

flowing through it tuir <*r noA/.le with a large jlillerenre In prmure 
» very high, reaching jooo fret a weemd in some ca.«»| and 
t'onmjMenily the elTeti of friction b nwtrkoi even* in short tubes 
and homIb*. A test by Ifochnrr * on a slraighi iuS.ie j.52 inch« 
hing and 0.15K of an imh internal diameter, ttntler an attsolute 
pressure of tjj |K»ynds to the «|««re Imh delivered only about 
o.»i of the amount of steam c'«h uhitol by the a«lwl«atic methodj 
anti the pres-sure in the iidir fell gradually from t ji ftounda near 
the rntmnre to 14.5 jtounds near the esit when delivering tea 
eondensrr at abrnt aimtwpherk jirtmsure. If there were wjy 
urn? f«»r nut;h a drvke in rnginerring the pr*iblem would appear 
to call ftir a rnelho*! «>f dealing with frieikm rrsemhltng that on > 
fmgr jHo for flow t*f air in U*ng pijw, but protwbly more di&alty , 
woultl te fouwl in gelling «* mibfatiory irmtrnent, ■’ 

From ihr invwtiptlonfk ihai have Iwn made on the flow 
steam through n«i«*lr« it apprar* that they should have a well* 
rounded enimner, ihr ratHua of the curve of the mifon at entrance' 
bring ftalf ii» three fourth* of the diameirr of the smaltef- 
wlkin or thrmi; from the ihrc«i ibr nowlw should expand 
fradwily to the exit, avt»kling any rapid rhangr of veWty, ^ 
ft* »uch ft change i# likely to roughen the stirfarr where it occura. 
The tongituditwl iertton way well t,»e a straight line Joined to 
the entmner srrtfon by a turw «»f long raiBos. 'Fhe taper cd 
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the cone may be one in ten or twelve; this will give for the total 
angle at the apex of the cone 5° to 6° ; if the entrance to the nozzle 
is not well rounded there will be a notable acceleration of the 
steam approaching the nozzle and this acceleration outside of 
the nozzle appears to diminish the amount of steam that the 
nozzle can deliver. The expansion should preferably be sufi&- 
cient to reduce the steam to the pressure into which the nozzle 
delivers; otherwise the acceleration of the steam will continue 
beyond the nozzle, but the steam tends more and more to mingle 
with the adjacent fluid through which it moves, and a poorer 
effect is likely to be obtained. 

If the expansion in the nozzle is not enough to reduce the 
pressure of the steam to (or nearly to) the external pressure into 
which the nozzle delivers, sound waves will be produced and 
there will be irregular action, loss of energy, and a distressing 
noise. On the other hand if the expansion in the nozzle reduces 
the pressure of the steam below the external pressure at the 
exit, sound waves will be set up in the nozzle with added resist- 
ance. This latter condition is likely to be worse than the 
former, and if the pressures between which the nozzle acts 
cannot be controlled it should be so designed as to expand 
the steam to a pressure a little higher than that against which 
it is expected to deliver, allowing a little acceleration to occur 
beyond the nozzle. 

Friction Head. — In dealing with a. resistance to the flow of 
water through a pipe, such as is caused by a bend or a valve, 
it is customary to assume that the resistance is proportional to 
the' square of the velocity and to modify equation (258), page 
425 to read 

/t- — -l-C— . 

where C is a factor to be obtained experimentally. The term 
containing this factor is sometimes called the head due to the 
resistance or required to overcome the resistance, and the 
■equation may be changed to 
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I j 

If 

it bt'ing undrwtciocl ihiit t>f thr iivaihiUir hfjui ft, a, crrtam portion • 
A' b list'd up in ovrrmroiftg rr»biiinif!i ant! the remainder is 
urn! in ing ihr vrltaity 1‘. This t is welt expressed i 
by shifting h' In ihr ttihrr sitli' wf Ihr rcjimittm and writing ' I 

F* t k *\ . ' i 

«• A — A* •“ A 1^1 ■" ^ J "■ A C J '** yj, ,w'- ■ j 

This mcth«l hits b-rn iiwtl by writers on »i«m turbines to 
allow for frkiioiial anti other rv»isl«m'r anti hwes. It i^ust 
Iw atimiltrcl llwl it i» a rough niul unwnbfarltiry raethtxj, but 
j»rrlmf» it will mvr. 'Fhe lahii' of y prolmbly varies Iwweea 
0.05 awl 0.15 for flow* thrtuigli a single or wt of pide • i 

hlatlw or moving hueltrls in a strain lurbinr. ^..4 

Theft; i* title dilferemr Iriwern the la-liavitir of water and 
»n elaslir fhistl lih** «»r ♦« strain ilia! niiftt Iw elriirly tmdewtood, 
and kept In mind. Frieikmal rr»bianrr anti ttiher rwktancw '' 
to the How of water, tninsforni rnrrg) Into heal anti that heat " ' 
is lt»t, or if il i» kept by the water i» not iivaihible afterwards 
for jiKMliii'ing velocity; on ihr uihrr liaitti the energy whteb 
i* exfw'ndrrl in overcoming fritikmal or other resirttnetf af ’■* 
like nature by slrain or air, i» rhangnl into h«ti and remains in ' 
the fluid, anti way iw available for wircrcding ojicrailon*. 

lifWflBWlt# OB flaw of 8 l«t«, 'fliefr are five way* of 
rxprrimrniing on thr flow of »train through «rlfkt» and no^at '' 
that haw firrn appli«t to lest ihr ihrory «*f flow. Some of them,/- 
u».rd sr{«r 3 iirly or in cowynalltw, ran !*■ matle to give mlues , 
of the frfciion farior y. 

|i) Slwrn fltiwing lhr«»ugli an t»rilicr tsr a ntwrfe may lje"‘ 
condcnucd tnd wrighccl. 

fa) The pre»»«rr at one or several |»lni* in a ntiwle tn»y , 
lap n^sturrtl by side orifirr# or by a searching •tulw; the latter ‘ 
may he umi to IrivrUigair ihr pfr»*urr in ihr region of the 
npproich to thr rntramr, or in ihr rrghw Iwytinti the exit, and ^ 
may l»c iii«l with an orlbr. 
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(3) The reaction of steam escaping from a nozzle or an orifice 
may be measured. 

(4) The jet of steam may be allowed to impinge on a plate 
or curved surface and the impulse may be measured. 

(5) A Pitot tube may be introduced into the jet and the 
pressure in the tube can be measured. 

Of course two or more of the methods may be used at the same 
time with the greater advantage. It will be noted that none of 
the methods alone or in combination can be made to determine 
the velocity of the steam, and that all determinations of velocity 
equally depend on inference from calculations based on the 
experiments. 

Formerly the weight of steam discharged was considered of 
the greatest importance, as in the design of safety-valves, or in 
the determination of the amount of steam used by auxiliary 
machines during an engine-test. The first method of experi- 
menting was obviously the most ready method of determining 
this matter, and was first applied by Napier in i86g, and on his 
results were based Rankine’s equations. 

Since the development of steam turbines much importance is 
given to determination of steam velocities, though it is probable 
that the determination of areas is still the more important 
method, as on it depends the distribution of work and pressure, 
while a considerable deviation from the best velocity will have 
an unimportant influence on turbine efficiency. The first 
experiments on reaction were by Mr. George Wilson in 1872, 
but as his tests did not include the determination of the weight 
discharged they are less valuable. 

Biichaer’s Experiments. A number of experimenters have 
determined the weight of steam discharged by nozzles and tubes 
and at the same time measured the pressure in side-orifices at 
one or more places. The most complete appear to be those of 
Dr. Karl Buchner* on the flow through tubes and nozzles. 
Omitting the tests on tubes and on nozzles with a very small 

^ MUMungm - 4 b»r F&rmkmngsarhikn xB, p, 47, 
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tajxT, the no«k-s fi»f whk h n-siiUs will Sh- iiuuirtl havt* the fok ; 
lowing clrsignatitiiv!* and dimrn^iona: I 
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A!! ttu’ niiwit's liatl a t at kir whkh ihe bngth 1 

fe glvtffl itt ihc alMiw laliir ilir «iui«iing at rntram'e. ! 

Ksrluiling i!«r roimilin^, ikia » ylimlrkaJ |M»rik»n wa* two of tlirw | 
th«' ilMnirirr sil ihr tlinwl anti l«» havr had ronskl- i 

t-rn!ilr iiUltirnvr o» lllr dirtfllHlllun of ihr |»rw«rt’. Tbtte wm 
from ont* to tbrrr arkblkmal »klr iirlfkr* rvottly d»-*tribiitwli j 
frtira nr«Mrr in thrar «irifk« lltirhnrr makr# inirr«ting com* I 
j»«lalion» ton* turning ihr Irhavior of i!»r llnid in the lube, but i 
the rwuUs are n«l dWrrmi from iltowr ilwl are brtiught out by 
Uie lBv«iiij|ati<in« of Si«|i»k #ml art* m»t inrlutW In thbdb- 
ru«M»ii. TItr ikte awl rwMlt* from «mf» of the iwtetsaiifnnr i 
l« Irar on our |»rt»%rnf jiurfM^r uf i«vr»iigiiii«g ibe disrlmrp and ! 
frk'tbn of «o«.le* «rr pern on j«gr 4,iy. j 

Slwm for ihw lr»i^ «-»» taken from a biller lltwMgh a seiBi* j 
«tor wlikli «jrliwr«l «imto wiib a fraclion of i percent { 

of j'lrlming. Thr j»rn»yrr% wrrr all m» 4 *Mrr«l on one gtuge by j 
M of an right way rock. The aiearo from ihc noMkm was cott' j 
den*^l And the rs|»rfimrnirf I'^tinwtrt ihe wror dot' 

lo uwerteinlf »f dfalnina the t«i«drn«*r at two |«r cifttt, which 
4p{«r* to In? ihr waxinww rrr»»r l«* Iw aiirilmiMl to any of the 
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results. The discharge was also computed by Grashoff’s 
equation on page 432, and the ratio to the actual discharge is 
that set down in the table; the variation from unity is not greater 
than the probable maximum error. The method of the compu- 
tation of velocities at throat and exit by the experimenter is not 
very clear, but it was made to depend on the equation (268), using 
the proper pressure and the discharge computed by Grashoff’s 
equation. 


TISTS ON FLOW OP STEAM. 

I)K. KaKJ. BifotlNER. 


Number 

and 

tloa. 

Pr® 

Initial 

*aure iKm 

Tbrtmt. 

ndi aim 

Exit. 

ute, 

Exifrmil 

liatki of 
throat t« 
initiiil. 

Bln- 

char»t! 

poundi 

l)er 

second. 

Ratio 
of actual 
to com" 
puled 
dia- 
charge. 

Velocity 
at throat 

Velocity 
at exit. 

Ratio 
of actual 
to com- 
puted 
velocity. 

i-aa 

iSa 


f 04 

4 

35 

3 


a 

0 

S 73 

0.0503 

i 



iSoo 

3030 

0,998 

a-aa 

160 

5 

9 \ 

4 

ai 

7 

*3 
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0 

577 

0.0449 

0 


1790 

3oao 

0.930 

3*»aa 

*47 

3 

83 

0 

ao 

7 

*3 

8 

0 
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0.04X.I- 
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^990 
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4-»aa 
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3 

75 

I 
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8 

0 

573 

0.0370 
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5 

16 
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0 
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0,0331 
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5 
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0.0404 
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0 

76 

a 

21 
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*3 
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0 
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0.0394 
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38 - 3 a 
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The nozjsles 3a and had tapers of i :7.3 and 1 14.9 which were 
probably too great, so 4hat they may not have been filled with 
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gtrttn; this might ttcttmnt hir the* smiili ralki oi tiir throat to the i 
itiiliiil’|*«-ssurr; ihr m»z*ir whkh hml a lajn r of 1:13, also 
shows a small ratio of ihrt«l !«» initial |»rrK^urr, 1 
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out t«is on thr n««k-s 3.1 amt »*«*» of this ratio is j 

alKiul o.«),t whk li rorfi-sfamtl^* to a valor ,v o.t j. 

Rat#*M** E*p«rim«nt 9 '. • ' I'lirHi- irttii* havr already beat 
rrfrrnsl to in ninnrrtion ^uth ilr«shoil’» fornnik. They diet ' 
from mo-n tr*.is on ihr dhi hargr from oriinrs ami nos»b in 
tlwt thr stram w'ji** t'»*in|m*»rit l>y a jiirraiis of toltl water which j 
formiil a Jri rondrnsrr ; ib- amount of %lram was fora{mted ' I 
from thr riw of irnijirraiiirr wml tin- amoimi of rohl water used, , | 
whirh kttrr was drlrrminwl l»% l!t»wing it through an orifiw, , ! 
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say that his tliagranw show a n-ty gfral regularity in hbitstlltt, ''i 
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draining a ri>nflfft»r. 

iCa«t»* Eip«rte#nl«. fn order to drirrminr the juvssure , 
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nt»A4l«-« for the mtm |*iir|a*r. *I*hr »s«»i interesting feature of 
hi* inv»iigatk»n i* that I* wake-* |iimt!kally no difference whHhft 
the diichurge is free of Into the ct»fnl>inini tistw of an injector. 

t j «>*> nf s****. *%«• 



ROSENHAIN’S EXPERIMENTS 


441 


For a well-rounded nozzle such as is used for an injector having 
a taper of one to six, he found the following results: 


Absolute PresBure. 

Initial. Throat. 

Ratio. 

Calculated Veloc- 
ity at Throat, 

*35 

B2.0 

0.606 

1407 

*05 

61,5 

O'.'iSs 

1448 

?S 

42 

o-SSO 

1491 

45 


0,546 

1504 


Stodola’s Experiments. — In his work on Steam Turbines, 
Professor Stodola gives the results of tests made by himself on the 
ilow of steam through a nozzle, having the following proportions: 
diameter at throat 0.494, diameter at exit 1.45, and length from 
throat to exit 6.07, all in inches. The nozzle had the form of a 
straight cone with a small rounding at the entrance; the taper was 
1 ;6.37. Four side orillcea and also a searching-tube were used to 
measure the pressure at intervals along the nozzle; the searching- 
tube was a brass tube 0.2 of an inch external diameter closed at 
the end and with a small side orifice. This orifice was properly 
bored at right angles; two other tubes with orifices inclined, 
one 45° against the stream and one 45° down stream, gave results' 
that were too large and two small by about equal amounts. 

Stodola made calculations with three assumptions (i ) with no 
frictional action, (2) with ten percent for the value of y, and (3) 
with twenty per cent; comparing curves obtained in this way for 
the distribution of pressures with those formed by experiments, 
he concludes that the value of y for this nozzle was fifteen per cent. 

Rosenhain’s Experiments. —■ The most recent and notable 
experiments on flow of steam with measurement of reactions 
were made at Cambridge by Mr. Walter Rosenhain.* Steam 
was brought from a boiler through a vertical piece of cycle- 
tubing to a chamber which carried the orifices and nozzles at its 
side; the reaction was counteracted by a wire that was attached 
to the chamber passed over an antifriction pulley to a scale 
pan, to which the proper weight could be added. Afterwards 
he determined the discharge by collecting and weighing steam 

* Froe, Inst. Civ, Eng., vol. cxI, p, 199. 
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PRESSURE IN THE THROAT 


a direct calculation cannot be made, but a curve can readily be 
determined from which the pressure can be interpolated. The 
velocities corresponding to these pressures have been taken from 
Rosenhain’s curves and the velocities were calculated also by the 
adiabatic method. Since the diagrams in the Proceedings are to 
a small scale the deduction of pressures from them cannot be very 
satisfactory, but the results are probably not far wrong. The 
table on page 442 gives the coeflScient of friction obtained by 
this method. 

Lewicki’s Experiments. — These experiments were made by 
allowing the jet of steam to impinge on a plate at right angles 
to the stream, and measuring the force required to hold the plate 
in place; from this impulse the velocity may be determined. 
It was found necessary to determine by trial the distance at 
which the greatest effort was produced. One of his nozzles had 
for the least diameter 0.237 and for the greatest diameter 0.395 
of an inch or a ratio of 1.28, which is proper for a pressure of 80 
pounds per square inch absolute. His experiments gave the 
following results as presented by Buchner: 

Steam pressure 77 gg 108 

Ratio of computed and ) r ^ 

expt. velocities j ... 0.96 0.96 0.955 

Coefficient of friction . . . . o.o8 o.o8 0.09 

These experiments like those for reaction are liable to be vitiated 
by expansion and acceleration of the steam beyond the orifice. 

Pressure in the Throat. — Some of the tests by Buchner show 
rather a low pressure in the throat of the nozzle, but in general 
tests on the flow of steam show a pressure in the throat about 
equal to 0.58 of the initial pressure provided that the back pres- 
sure has Jess than ratio 3/5 to the initial pressure ; this corresponds 
with Fliegner’s results and should be expected from his com- 
parison with molecular velocity on page 430. The following 
table gives results of tests made by Mr. W. H. Kunhardt * in 
the laboratories of the Massachusetts Institute of Technology: 

The excess of the throat pressure above 0.58 of .the initial 

* Transactions Am. Soc. Meek. Engs.f vol. xi, p. 187. 
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DESIGN OF A NOZZLE 44S 

The quantities just obtained are the amounts of heat that 
would be available for producing velocity if the action were 
adiabatic. In order to find the probable velocity allowing for 
friction, they should be multiplied by i — y, where y the coeffi- 
cient for friction may be taken as 0.15 for the determination of 
the exit velocity F,. As for the throat velocity, there are two 
considerations, the frictional effect is small because the throat is 
near the entrance, and all experiments indicate that orifices and 
nozzles which are not unduly long deliver the full amount of 
steam that the adiabatic theory indicates; therefore we may 
make the calculation for that part of the nozzle by the adiabatic 
method. The available heats for producing velocity may there- 
fore be taken as 

43.4 and (x ~ 0.15) 288.5 =- 245, 
and the velocities are therefore (see page 436) 

F, « X 434 “■ h8o. 

F, « 24S « 3500. 

The quality of steam in the throat is 

5c, - w/j + fj -* 855.1 + 885.9 *- 0.967. 

To find the quality of steam at the exit we may consider that 
if is the actual quality allowing for the effect of friction we 


''i + =45 

- (855*9 + 337*7 ■" =45 "■ 94*3) + * 0 ='^ “ °* 333 * 

Though not necessary for the solution of the problem it is 
interesting to notice that adiabatic expansion to the exit pressure 
would give for 

■■ •*> 810.8 ■+ 1026 ■“ 0.790* 

Now 500 pounds of steam an hour gives 











of a pouml ppr second; consequently the areas at the throat and ' 
the esit will be by equation I Mh rwge 4jt, in square inches 
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CHAPTER XVIII. 
INJECTORS. 


An injector is an instrument by means of which a jet of steam 
acting on a stream of water with which it mingles, and by which 
it is condensed, can impart to the resultant jet of water a sufficient 
velocity to overcome a pressure that may be equal to or greater 
than the initial pressure of the steam. Thus, steam from a 
boiler may force feed- water into the same boiler, or into a boiler 
having a higher pressure. The mechanical energy of the jet of 
water is derived from the heat energy yielded by the condensation 
of the steam-jet. There is no reason why an injector cannot be 
made to work with any volatile liquid and its vapor, if occasion 
may arise for doing so; but in practice it is used only for forcing 
water. An essential feature in the action of an injector is the 
condensation of the steam by the water forced ; other instruments 
using jets without condensation, like the water-ejector in which 
a small stream at high velocity forces a large stream yrith a low 
velocity, differ essentially from, the steam-injector. 

Method of Working. — A very simple form of injector is shown 
by Fig. 91, consisting of three essential parts; a, the steam-nozzle, 
b, the combining-tube, and c, the delivery-tube. Steam is supplied 
to the injector through a pipe connected at d-, water is supplied 
through a pipe at /, and the injector forces water out through the 
pipe at e. The steam-pipe must have on it a valve for starting 
and regulating the injector, and the delivery-pipe leading to the 
boiler must have on it a check- valve to prevent water from the 
boiler from flowing back through the injector when it is not 
working. The water-supply pipe commonly has a valve for 
regulating the flow of water into the injector. 

This injector, known as a non-lifting injector, has the water- 
reservoir set high enough so that water will flow into the injector 
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through the inihirncr of grav!!>'. A UfUni injctior has a special 
th'viri' ft»r making a vui ui«m thaw wnirr from a rmrvolr 
Irlow thf injtxtor, whirh will b- ilrwrilittl lairr. 

To -siitri ihc’ in|«it»r shown liy Fig, ijt, ihr sirara- valve h first 
0|H*netl Hiightly to blow out any wsirr lhai m,iy have pthered 
libcH'f ihr valvr, thrtuigh thr t*vrrl1«>w. sintr it is rmmtial to have 
dry ntcam for »iartins. The sipatn valvr is thru clo$t*d, and - 
thr watrr-valrr is widr. A# «i*in m wafrr appwra at the 

overflow liriwrrn thr cumbiiiiag-tubc and the delivery-tube the ' 




»tmm»vtt!ve i* opnttl wWr, and thr |ri of *t«m fmm the wetm- 
nowde winglrs with ami is r«ifidrnw*l by ihr water and ImjMfh, 
to it t high vrbciiy, »» that ll immt% irrowi ihr owrfltjw ipst* 
tawwn thr rumhining'itdir ami ihr delivery -iulie and pt«t*S 
into thr liolltr, VVhrn the inJrrlMr i* working a varuum k llalde 
to hr formnl at thr tfiace tew^n iftr romliinlfiK and drllvcry' ■' 
luli», and thr valw si thr overflow c1*w*rs «ml escliid« fttr 
which wcniW nslnfle with iht water awl might loicrfere with 
ihr irllon of ihr in|rti«r, 

thiory of thn Injiwior. - - The two fondammial wjuatkw of 
the lh«irf of the inlrrlwr «rr ilnliirrd from the j»rintipto« of the 
conscrv-itlon of energy and ihr timwrvttifon ttf nwruentti. 






THEORY OF THE INJECTOR 449 

The heat energy in one pound of steam at the absolute pressure 
in the steam-pipe is 

j + ?i). 

where and are the heat of vaporization and heat of the liquid 

corresponding to the pressure is the mechanical equivalent 

of heat (778 foot-pounds), and is the quality of the steam; if 
there is two per cent of moisture in the steam, then x^ is 0.98. 

Suppose that the water entering the injector has the tempera- 
ture ^3, and that its velocity where it mingles with the steam is 7 „'; 
then its heat energy per pound is 



and its kinetic energy is 

V « 

' 10 

where is the heat of the liquid at and g is the acceleration 
due to gravity (32.2 feet). 

If the water forced by the injector has the temperature <4, and 
if the velocity of the water in the smallest section of the delivery- 
tube is F„, then the heat energy per pound is 


and the kinetic energy is 


Let each pound of steam draw into the injector y pounds of 
water; then, since the steam is condensed and forced through 
the delivery-tube with the water, there will be i + y pounds 
delivered for each pound of steam. Equating the sum of the 
heat and kinetic energies of the entering steam and water to the 
sum of the energies in the water forced from the injector, we 
have 

+ 4.) + + + 
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For practical purposes we may calculate the weight of water 
delivered per pound of steam by the equation 

yy ms ^270) 

This equation may be applied to any injector including double 
injectors with two steam-nozzles. 

The discussion just given shows that of the heat supplied to 
an injector only a very small part, usually less than one per cent, 
is changed into work. When used for feeding a boiler, or for 
similar purposes, this is of no consequence, because the heat 
not changed into work is returned to the boiler and there is no 
loss. 

For example, if dry steam is supplied to the injector at 120 
pounds by the gauge or 134.7 pounds absolute, if the .supply- 
temperature of the water is 65° F., and if the delivery-temperature 
is 165® F., then the water pumped per pound of steam is 

. . ™ 10.^ pounds. 

94 "" 9a 13.5-1 ~ 

From the conservation of energy we have been able to devise 
an equation for the weight of water delivered per pound of 
steam; from the conservation of momenta we can find the relation 
of the velocities. 

The momentum of one pound of steam issuing from the steam- 
nozzle with the velocity V, is F, -f- f, the momentum of y 
pounds of water entering the combining-tube with the velocity 
VJ is yVJ + g-, md the momentum of i 4- y pounds of water 
at the smallest section of the delivery-tube is (r + y) Fk, ■ 4* g. 
Equating the sum of the momenta of water and steam before 
mingling to the momentum of the combined water and steam 
in the delivery-tube, 

F, + yF*' •• (1 + y) F» . . . . . • (370) 

This equation can be used to calculate any one of the velocities 
provided the other two can be determined independently. Unfor- 
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sized by Rosenhain’s experiments, the steam will expand and ♦ 

gain velocity beyond the nozzle, if it escapes at a pressure higher 
■than the back-pressure. For an injector this last action is 
influenced by the fact that the jet from the steam-nozzle mingles 
with water and is rapidly condensed. Some injector makers 
use larger tapers than those recommended in the preceding 
chapter for expanding nozzles. The throat pressure may be 
assumed to be about 0.6 of the initial pressure; with the informa- 
tion in hand it is probably not worth while to try to make any 
allowance for friction. 

The calculation of the area at the throat of a steam nozzle by 
the adiabatic method will be found fairly satisfactory; the calcu- 
lation of the final velocity of the steam will probably not be 
satisfactory, as complete expansion in the nozzle seldom takes 
place, but it is easy to show that the velocity is sufficient to 
account for the action of the instrument. 

For example, the velocity in the throat of a nozzle under the 
pressure of 120 pounds by the gauge or 134.7 pounds absolute is 

I ^ -h ffi - I 

- {a X 32.2 X 778 (867.5 - 0.967X894.6 -i-32i.i-282i7)|i 

— 1430 feet per second, 

having for 

(1.0719 + 0.5032 - 0.4546) 

= 0.967, 

provided that p^ - o.dj), - 80.8 pounds absolute. 

If, however, the pressure at the exit of an expanded nozzle is 
14.7 pounds absolute, then 

^ — L- (1,0719 -t- 0.5032 — 0.3125) =0.877, 

1.4390 
and 

y.- fax 32.2X778 (867.5-o.8775X966.3-)-32i.i-i8o.3)!i 

= 2830 feet per second, 
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V2 X 32.2 X S = 18 feet. 

It cannot be far from the truth to assume that the velocity of 
the water entering the combining-tube is between 20 and 40 
feet per second. 

Velocity in the Delivery-tube. — The velocity of the water in 
the smallest section of the delivery-tube may be estimated in two 
ways; in the first place it must be greater than the velocity of 
cold water flowing out under the pressure in the boiler, and in the 
second place it may be calculated by aid of equation (271), 
provided that the velocities of the entering steam and water are 
determined or assumed. 

For examphy let it be assumed that the pressure of the steam 
in the boiler is 120 pounds by the gauge, and that, as calculated 
on page 451, each pound of steam delivers 10.5 pounds of water 
from the reservoir to the boiler. As there is a good vacuum in 
the injector we may assume, that the pressure to be overcome is 
132 pounds per square inch, corresponding to a head of 

= 30s feet. 

62.4 

Now the velocity of water flowing under the head of 305 feet is 
= V2 X 32.2 X 305 = 140 feet per second. 

The velocity of steam flowing from a pressure of 120 pounds- 
hy the gauge through a diverging-tube with the pressure equal 
to that of the atmosphere at the exit has been calculated to be 
2830 feet per second. Assuming the velocity of the water enter- 
ing the combining-tube to be 20 feet, then by equation (271) 
we have in this case * 

V = = 266 feet; 

” I + y I + lo-S 

this velocity is sufficient to overcome a pressure of about 47 ° 
pounds per square inch if no allowance is made for friction or 

losses. 

Sizes of the Orifices. — From direct experiments on injectors as 
-well as from the discussion in the previous chapter, it appears 
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In trying to determine the size of the orifice in the delivery- 
tube we meet with two serious difficulties: we do not know the 
velocity of the stream in the smallest section of the delivery- 
tube, and we do not know the condition of the fluid at that place. 
It has been assumed that the steam is entirely condensed by 
the water in the combining-tube before reaching the delivery- 
tube, but there may be small bubbles of uncondensed steam still 
mingled with the water, so that the probable density of the 
heterogeneous mixture may be less than that of water. Since 
the pressure at the entrance to the delivery-tube is small, the 
specific volume of the steam is very large, and a fraction of a 
per cent of steam is enough to reduce the density of the steam 
to one-half. Even if the steam is entirely condensed, the air 
carried by the water from the reservoir is enough to sensibly 
reduce the density at the low pressure (or vacuum) found at the 
entrance to the delivery-tube. 

If K* is the probable velocity of the jet at the smallest section 
of the delivery-tube, and if d is the density of the fluid, then the 
area of the orifice in square feet is 

Kwdy »•••••• (274) 

for each pound of steam mingles with and is condensed by y 
pounds of water and passes with that water through the deliveiy- 
tube; w, as before, is the number of pounds of water drawn from 
the reservoir per second. 

For exampk, let it be assumed that the actual velocity in the 
delivery-tube to overcome a boiler-pressure of lao pounds by the 
gauge is 150 feet per second, and that the density of the jet is 
about 0.9 that of water; then with the value oiw •• a.78 and y — 
lo.s, we have 


W I* *T Ji Mu JO A I ^ 

0 « « 0.000361 sq. ft. 

Vjly 150 X 0.9 X 63.4 X lo.s ' 

The corresponding diameter is 0.357 of an inch, or 6.5 milli- 
metres. If this calculation were made with the velocity 366 
(computed for expansion to atmospheric pressure) and with 
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clear water the diameter would be only 0.183 of an inch; this is 
to be considered rather as a theoretic minimum than as a prac- 
tical dimension. 

Steam-nozzle. — - The entrance to the steam-nozzle should be 
well rounded to avoid eddies or reduction of pressure as . the 
steam approaches; in some injectorSj as the Sellers injector j 
Fig. 92, the valve controlling the steam supply is placed near 
the entrance to the nozzle, but the bevelled valve-seat wiU not 
interfere with the flow when the valve is open. 

It has already been pointed out that the steam-nozzle may 
advantageously be made to expand or flare from the smallest 
section to the exit. The length from that section to the end may 
be between two and three times the diameter at that section. , 

Consider the case of a steam-nozzle supplied with steam at , 
120 pounds boiler-pressure: it has been found that the velocity 
at the smallest section, on the assumption that the pressure is 
then 80.8 pounds, is 1430 feet per second, and that the specific 
volume is 5.20 cubic feet. If the pressure in the nozzle is 
reduced to 14.7 pounds, at the exit, the velocity becomes 2830 
feet per second, the quality being ~ o-SyyS' The specific 
volume is consequently 

== + o- = 0.877 (26.66 - 0.016) -f 0.016 = 23.4 cu. ft. 

The areas will be directly as the specific volumes and inversely 
as the velocities, so that for this case we shall have the ratio of 
the areas 

5.20: 23.4 
2830 : 1430 

and the ratio of the diameters will be 


= 1 : 2.27; 


Vi • V2.27 = i: i-S- ■ -I; 

Combining-tube. — There is great diversity with different 
injectors in the form and proportions of the combining-tube. 
It is always made in the form of a hollow converging cone, 
straight or curved. The overflow is commonly connected to a 
space between the combining-tube and the delivery-tube; it is, 
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howevtT, sometimes placed beyond the delivery-tube, as in the 
Sellers’ injector, Fig. 92. In the latter case the combining- and 
delivery-tubes may form one continuous piece, as is seen in the 
double injector sho'wn by Fig. 93. 

The Delivei7-tube. — - This tube should be gradually enlarged 
from its smallest diameter to the exit in order that the water in it 
may gradually lose velocity and be less affected by the sudden 
change of velocity where this tube connects to the pipe leading 


to the bailer. 


It is the cu.stom to rate injectons by the size of the delivery 


tube; thus a No. 6 injector may have a diameter of 6 mm. at 


the smallest section of the delivery-tube 


Mr. Kneass found that a delivery-tube cut off short at the 


smallest .section would deliver water against 35 pounds pressure 


only, without overflowing; the steam-pressure being 65 pounds 


A cylindrical tube four times as long as the internal diameter 


under the same conditions would deliver only against 24 pounds. 


A tube with a rapid flare delivered against 62 pounds, and a 


gradually enlarged tube delivered against 93 pounds. 


If the delivery-tube is assumed to be filled with water without 


any admixture of steam or air, then the relative velocities at 


different .sections may be assumed to be inversely proportional 


to the corresponding areas. This gives a method of tracing the 


of the water in the tube from its smallest 


diameter to the exit. 


A sudden change in the velocity is very undesirable, as at the 


point where the change occurs the tube is worn and roughened, 
especially if there are solid impurities in the water. It has been 
to make the form of the tube such that the change of 
velocity shall be uniform until the pressure has fallen to that in 


the delivery- pipe; but this idea is found to be 
it leads to very long tubes with a very wide flare at the end 
Efftclency of the Injector. — The injector is used for 
boilers, and for little else. Since the heat drawn from the boiler 
is returned to the boiler again, save the very small part which 
changed into mechanical energy, it appears as though the 
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this chapter was placed so that water from the reservoir would 
rlin in under the influence of gravity. When the injector is 
placed higher than the reservoir a special device is provided for 
lifting the water to start the injector. Thus in the Sellers’ 
injector, Fig. 92, there is a long tube which protrudes well into 
the combining-tube when the valves w and x are both closed. 
When the rod B is drawn back a little by aid of the lever H the 
valve w is opened, admitting steam through a side orifice to .the 
tube mentioned. Steam from this tube drives out the air in 
the injector through the overflow, and water flows up into the 
vacuum thus formed, and is itself forced out at the overflow. 
The starting-lever H is then drawn as far back as it will go, 
opening the valve x and supplying steam to the steam-nozzle. 
This steam mingles with and is condensed by the water and 
imparts to the water sufficient velocity to overcome the boiler- 
pressure. Just as the lever H reaches its extreme position it 
closes the overflow valve K through the rod L and the crank at R. 

Since lifting-injectors may be supplied with water under a 
head, and since a non-lifting injector when started will lift 
water from a reservoir below it, or may even start with a small 
lift, the distinction between them is not fundamental. 

Double Injectors. — The double injector illustrated by Fig. 93, 
which represents the Korting injector, consists of two complete 
injectors, one of which draws water from the reservoir and 
deUvers it to the second, which in turn delivers the water to the 
boiler. To start this injector the handle A is drawn back to 
the position B and opens the valve .supplying steam to the 
lifting- injector. The proper sequence in opening the valves 
is secured by the simple device of using a loose lever for joining 
both to the valve-spindle; for under steam-pressure the smaller 
will open first, and when it is open the larger will move. The 
steam-nozzle of the lifter has a good deal of flare, which tends 
to form a good vacuum. The lifter first delivers water out at 
the overflow with the starting lever at B ; then that lever is pulled 
as far as it will go, opening the valve for the second injector or 
forcer, and closing both overflow valves. 
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In the Sellers’ injector, Fig. 92, the regulation of the steam- 
supply by a long cone thrust through the steam-nozzle is 
retained, but the supply of water is regulated by a movable 
combining-tube, which is guided at each end and is free to move 
forwards and backwards. At the rear the combining- tube is 
affected by the pressure of the entering water, and in front it is 
subjected to the pressure in the closed space 0, which is in 
communication with the overflow space between the combining- 
tube and the delivery-tube, in this injector the space is only for 
producing the regulation of the water-supply by the motion of 
the combining-tube, as the actual overflow is beyond the 
delivery- tube at K. When the injector is running at any regular 
rate the pressures on the front and the rear of the combining-tube 
are nearly equal, and it remains at rest. When the starting- 
lever is drawn out or the steam- pressure increases, the inflowing 
steam is not entirely condensed in the combining-tube as it is 
during efficient action; lateral contraction of the jet therefore 
occurs when crossing the overflow chamber, causing a reduction 
of pressure in O, which causes the tube to move toward P and 
increase the supply of water. When the starting-lever is pushed 
inward, reducing the flow of steam, the impulsive effort is 
insufficient to force a full supply of water through the delivery- 
tube, anh there is an overflow into the chamber O which pushes 
the combining- tube backwards and reduces the inflow of water. 
The injector is always started at full capacity by pulling the 
steam-valve wide open, as already described; after it is started 
the steam-supply is regulated at will by the engineer or boiler 
attendant, and the water is automatically adjusted by the movable 
combining-tube, and the injector will require attention only 
when a change of the rate of feeding the boiler is required on 
account of either a change in the draught of steam from the 
boiler, or a change of steam-pressure, for the capacity of the 
injector increases with a rise of pressure. 

A double injector, such as that represented by Fig. 93, is to a 
certain extent self-adjusting, since an increase of steam-pressure 
causes at once an increase in the amount of water drawn in by 
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valve I $, The stram-row^ilr has a wkir flare ami make* a vacuum 
which draws water from fhe«i|»}>ly lank noder all conditions; the 
water jm«« ihrnngh the t|riiMRhi*inl»r and out at the overflow 
until the rowlenMtbn of straw in the r 0 mtiining lube amtea 
{lartkl varuum lliat df«w*nj» the iiwshlnM $ against ibrdraught- 
liilir «n«! ahum of! the jw*«ige to the ovrrilow; the tnjtrtor then 
forc» water t« the teller. If the io|«*!i»r »in|« for any atw 
the bushing falls ami the injetior lake* the starting {KMftbn and 
wilt start as ««»n «* s.»i|»|»tirt| with water and siraro. 

Wf-«ctinf I«|tctor. — The itt»i r«ent !y|«r of Si-ller«’ injector 
Inventwl by ^Ir. ICnraj» ami reurrm'niml by Fig, us i» teth ^If- 
itartingarifi •elf-adjusting. It bailouMr Injector wlihall the jets 
In mip line; u, K and c are the *!r«in n«wJe, the cowblnlng-tute, 
Mrf the deliwry.iiite of ihr forcer; the lifter i» soi«{«»r4 of the 




466 


INjKCTttHS 




annular sltiim noxxk- i/, anil ihf annular *li'livfry-UilH* g, guj. ' 
rmindirtg thr n»?*/.lr tt. ‘I'hr }»rmK«riiun!* arc >uth that the lifter 
can always a sunion in the fmf («ijw< even when there 

is a sliM haigt' from thr main siram no/.*elr, nml |t ig 
(hat fstatilishrs thr rt'siariing fraturr. When thr fmi-water 
rises to thr uiIh-s it meets the steam from the iifter-nugjsle and 
is fcirrca! in a thin sherl amt with high veha iiy Into the combining, 
tube of the forcer, where it ciinw* in coniiul with the rrmi n , 
steam'jet, and mingling with and condensing it, receives a 
high vehifiiy which cnalikw it In the overtlow orifice« and * 
jiftH'eed through the delivery tula* to Ihr Sioiler. 

I.ikr any double injector, thr lifter and foner have a con- ■' 
siderable rnngr of action through wlikh thr water is adjusted '''< 
to the «lr«m-»tt{»j4y ; Inil there i*. a further adjustment in thfe ' 
injector, for when a go«»l vaantrn is i-.iablished in the sjtace ' 
surrounding the ri*mli!«i«g iul*c, water tan enter through the 
check- wive /, ami flowing through tin- orilMr* in the combin- 
ing lidr mingles with the |r! in it, ami is forced with that Jet 
into the htnirr. 

'rhe steam vidvc i» sefllnl on the etwl of the lifter-no^tde, 
ami it has ii juotf tiding jilug whkh rnirfs the forcer*no«le. 
When the vaUe » ojtrnrtl to start the injector, steam is *up- - 
{ilied first to the starter, and mmn after, by withdrawing the 
jiUig, to ihr forcer. If the simro i» tlry the sfariing-lever 
may be moved tiack j»rMt«|»ily; if there k tomlrn^'d water to " 
the sUnin thr siarilnR Iwmilr shtmid lie movtd a little 
w«y to fiM onen the valve »4 ihr lifter, and then it fe drawn ' 
ns far twrk «s it will go, m wton a« water a|»j*aw at the nvw- 
!lt»w. The water siipjily may In* rrgukiied hy the mlve |, ■; 
whkh can Iw rotated a jsift of » turn, ‘fhr minimum drlivety-' ^ 
of the injetior k obtainn! Iiy « losing ihk valve til! puffs d 
tt«m »jj|iear »i the overflow, ami then ojirning it woufh 
I© slop the majK* tif steam, ' 

When »«|i|»H«| with rold water this injriior waste* very.' - 
little to *i»rilng. If the injector i» hoi or is tillwl with hot i 
wtter when ifori«I, it will wa»ic hot water till the Injector b i 






EXHAUST STEAM INJECTORS 40? 

cooled by the water from the feed- supply, and will then work 
as usual. If air leaks into the suction-pipe or if there is any 
other interference with the normal action, the injector wastes 
water or steam till normal conditions are restored, when it 
starts automatically. 

Exhaust Steam Injectors. — Injectors supplied with ex- 
haust-steam from a non-condensing engine can be used to 
feed boilers up to a pressure of about 8 o pounds. Above 
this pressure a supplemental jet of steam from the boiler must 
be used. Such an injector, as made by Schaffer and Buden- 
berg, is represented by Fig. 96; when ^YvVl^\iST 
used with low boiler-pressure this in- 
jector has a solid cone or spindle in- 
stead of the live-steam nozzle. To 
provide a very free overflow the com- 
bining-tube is divided, and one side is 2 
hung on a hinge and can open to give 
free exit to the overflow when the 
injector is started. When the injector 
is working it closes down into place. ^ 

The calculation for an exhaust-steam 
injector shows that enough velocity 
may be imparted to the water in the 
deliverv-tube to overcome a moderate 

^ Fio. q6. 

boiler-pressure. 

For example, an injector supplied with steam at atmospheric 
pressure, and raising the feed-water from 65° F. to 145° 
will draw from the reservoir 





1)66..^ +180.3 
113-0 - 33 -i 


pounds of water per pound of steam. In this case as the steam- 
nozzle is Converging we will use for computing the velocity the 
pressure 

0.6 X 14.7 =^ 8.8 pounds. 
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This will givr 




nfyf 


f«4Ci.Hct.4,nja - .4746) -954.6^ 


i'tiiiMUjiiriilly 


r - 




•» \ i % , 14.4 X 77K J, ♦ '■ tJ54,6 - *55,3 «• 1370. 

A»utning «hr vt-lwiiy «>f ilir wairr mirr'mg ihv romhining. 
lulw will give f«r Ujr vrliit sly itf tlie jrl in list* itimbining.tube 

,, S«0 *' S4.SI %0 , , 

f m, ,‘’1—,—™ ^ I 

1 IJf.Q 

Thb Vflmily is r<|iiisialrni in ftsal |tri*«Hn«tl liy a »!alit: jirmure 
of 

I \h* tii.A 
ft4,4 X 144 

lajjintl* nbwslme, nr « ptip* prwsuru of sem {mund*. Mo allow, 
nnre w Jitatlr fttr rrdwrikin c»f tlrn»liy l»y fiMbtsIw t»f stem ia 
Use mnsliiniiig list# or f*»r rrsbiantr of |»ij>ni and valvw. If 



surh »n in|rrt«r ran lake advaniafir of furiher rxjaiwion either 
In tbe steam no«ic i»r l»ry«ntl, ihr wk* ity may te gr«tef Ihatt 
that ami a Isrlirr wlion wigbl rn»ne, 

Uflk« the i» free from wit i!» me tor ftiedlag. 
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the boiler with an exhaust steam injector will result in fouling 
the boiler. 

Water-ejector. — Fig. 97 represents a device called a water- 
ejector, in which a small stream of water in the pipe M flowing 
from the reservoir R raises water from the reservoir R" to the 
reservoir R', 

Let one pound of water from the reservoir R draw y pounds 
from R", and deliver i + y pounds to R'. Let the velocity of 
the water issuing from A be v\ that of the water entering from 
R'* be Vg at iV; and that of the water in the pipe O be v^. The 
equality of momenta gives 

•a + - (I + y) Vj (syj) 

Let X be the excess of pressure at M above that at N expressed 
in feet of water,* then 




agx; 

2f (i/ 4- x)\ 
(h + .t) 


Substituting in equation (275), 

Vlf ^ y Vx "• (i + y) VTTlq 


Vh p £ - 


Vh + X 


v'a + » 


(276) 


It is evident from inspection of the equation (276) that y 
may be increased by increasing for example, by placing the 
injector above the level of the wservoir so that there noay be a 
vacuum in front of the orifice A. 

G 

If the weight G of water is to be lifted per second, then- 

y 

pounds per second must pass the orifice A, G pounds the space 

at iV, and G pounds through the section at 0 ; which, 

with the several velocities v, % and v^, give the data for the 
calculation of the required areas. 

Problem, — Required the calculation for a water-ejector 
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to ntisc lioo giiUtm?. of w«irr an hour, It - tjti ft., h « tj ft,, 

*v 4 ft* 

\ 'v - \ i - j; * v- it» - la; t .r-v'ifi • 4. 


Thr vrlofilics ari* 


tJ.af « i«» 


'* it» 


So.j< frr! j»rr iwond; 

frt-t |>i*r wund; 
if».os f«'t !»«■?■ m'ond. 


-.\"j _|J.J • i - if».os l«'t iw M't'OI 

aoo pllon^ »n hiHif - 0.04453 rulih' f*Tl ft«-r m'und 
The areas are 


_t *. H0.45 


O.SX.WIS5 »«jiwrr fret; 


MjiMfe fret; 

3 X .p.i« 


^ * SSiH."* ©.wiij -wiuarr frrt, 

"* $6.05 

'!*hc- diflfnrtrrs rorre«|»»»»din« lo Ihr vrUw'iltrs i' and v, are 
ii *- o.iR of an tm h; 
d, -» 0,58 of an in* h. > 

The area u, b t»f annular form, having ihr arm 0.4 of a stjuwe 
Inch. 

Bjictor. Whm ih** pj«iw f# f«»f ratetoi wttw wkte' ■, 
there* Is no *fimntft^ In healing the iwler, It U « very wa-»trftd 
instrument. The eftkienry b much lm|>r«ived by arrangtoi 

the insirumcnl i# in Fig, 9S, so ' 

. that thr tkiraro- nowle A shall ddlver 

-i—- 'I a small sirram of wtier at a high 

y'r r ~ vtfhkh, «* In the waW- ^ 

^ rjn lor, driivrrs a larger at 

^ lew vrlwiiy. Rtt'h a*hhiM*nal conk at nu/.tls' the 

quantity at thr r*|iro*r of the vrltw'ily, mi tlwt « brp; quantity 
«f water may be l»fi«l « small hrighi. 


JV:^|V. 




EJECTOR-CONDENSERS 

Ejectors are commonly fitted in steamships as auxiliary pumps 
in case of leakage, a service for which they are well fitted, since 
they are compact, cheap, and powerful, and are used only in 
emergency, when economy is of small consequence. 

Ejector-condensers. — When there is a good supply of cold 
condensing water, an exhaust-steam ejector, using all the 
steam from the engine, may be arranged to take the place of 
the air-pump of a jet-condensing engine. The energy of the 
exhaust-steam flowing from the cylinder of the engine to the 
combining-tube, where the absolute pressure is less and where 
the steam is condensed, is sufficient to eject the water and the air 
mingled with it against the pressure of the atmosphere, and thus 
to maintain the vacuum. 

For example, if the absolute pressure in the exhaust-pipe is 2 
pounds, and if the temperatures of the injection and the delivery 
are 50° F. and 97° F., then the water supplied per pound of 
steam will be about 20 pounds. If the pressure at the exit of 
the steam-nozzle can be taken as one pound absolute, the velocity 
of the steam-jet will be 1460 feet per second. If the water is 
assumed to enter with a velocity of 20 feet, the velocity of the 
water-jet in the combining-tube will be 88 feet, which can over- 
come a pressure of 50 pounds per square inch. 
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CHAPTER XIX. 


STEAM-TfUHINES. 


Tki recent rapid rievelapinrnt t»f steam- turbfntsi maj? be 
altributefl largrly to ihr |«-rf«unR t»f mrt hankm! cciwtructiQB, 
naking it j>m«il»l«' to ronnirurt large machinery with the accuracy 
W'lpJirctl for I hr high ami rk»r 8»l|«sitmrnts which th«e 

motors dcttwml. , 

An atlrquiiir tr»'atmrai «4 sirani !ufl*in», itM-luflmg dmite d 
design. constrHitiiin, art*! nianaKrmrnt, wnuhl rwjulrc a M^iute . 

but there is an ailvaniaKc in ilw'uwing hm- the lh«riml 
problem* Itwi arise In thr iran4ormaiMin of heat into ktnrtte 
energy, am! thr applkallnri «>f this energy t« the moving prt* 
of thr turbine. For ihis ptirjiiww' it is nrr«‘**ary to give attention 
to thr acikm t»f jet» of Wtikb on %*afir!i ami to the rraribn of jeti 
iMuing frern* tmeving ofificw, Riibjttts that olhrrwW would ' 
tpj««r foreign u» llib irraliir. 

'Phr fumlarornial primiplw of the theory of iwrbiow are the 
«mc whether they are driven by water «»r by steam; but the ui® 
of an fluid* like »te«iti tesirad of « fluid like water, which 
h»« ptmthwlly » rwn»tant drndiy, leads t« diflrrenrw In the 
applkaibn of itM«? prlm'lidr*. <>nr featorp ii irnmriltetcly 
pvktcnt from the of the flt*wrif llukls In Chapter AVII, 

namely, this! rwewlingly high vriucitiw nrr liabk* to be deveb 
ofml. Thus, fin }i«igr 444 it w«» hmnd that steam flowing fmia ; 

ft pugr preiMturc of tfo jwiwnd* iwr »f|iiBrc inch Into ft vuruiitn ' - 

of fth inches of raert'ury jwiuwlit through » propr 

noiwlt', drvrl«|»e«i a vrltwity t 4 ,Moo fw* jw’r «t‘ond, with Wl 
ftllowancr of 0,15 for frkthin. Tbb wor prewmre turret , 
ipond* ttt ft hydraulfc head of 

Iftj X 144 ♦ f«<i 
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and such a head will give a velocity of 

F Vs X 32.2 X 376 “ 156 feet per second. 

But so great a hydraulic head or fall of water is seldom, if ever, 
applied to a single turbine, and would be considered inconvenient. 
One hundred feet is a large hydraulic head, yielding a velocity 
of 80 feet per second, and twenty-five feet yielding a velocity of 
40 feet per second is considered a very effective head. 

If heads of 300 feel and upward were frequent, it is likely 
that compound turbines would be developed to use them; except 
for relatively small powers, steam-turbines are always compound, 
that is, the steam flows through a succession of turbines which 
may therefore run at more manageable speeds. 

The great velocities that are developed in steam turbines, 
even when compounded, require careful rerluction of clearances, 
and although they are restricted to small fractions of an inch 
the question of leakage is very important. Another feature in 
which steam turbinw differ from hydraulic turbines is that 
steam is an elastic fluid which tends to fill any space to which it 
is admitted. The influence of this feature will appear in the 
distinction between impmlse and reaction turbines. 

Bnpulse. If a well formed stream of water at moderate 
velocity flows from a conical noaxle, on a flat plate it spreads 
over it smoothly in all directions and exerts a _ 

steady force on it. If the velocity of the stream K.— 
is F, feet per second, and if w pounds of water are | 

discharged per second, the force will be very p,,,, 
n»rly equal to 


Here we have the velocity in the direction of the jet changed 
from F, feet per second to aero; that is, there is a retardation, or 
negative acceleration, of F, feet per second; consequently the 
force is measured by the product of mass and the acceleration, 
f being the acceleration clue to gravity. A force exerted by a 
jet or stream of fluid on a plate or vane Is called an impulse. It 








h important to kwp clearly in mind that wi? are dtealiag witk 
wlfclty, rhangc ui vciwily tjr arrcU-raiion, ami farce, and that 
the force is mcMurwl in the iiiiial way. The uw of a specal' . 
name for the force which is devrhij»«l in this way is unfortunate , 
but it i# Um welt * slablbhti! to Ik* neglitird. -_>> 

If the plate or vane, insiearl «»f rrimining at rest, mova with' 
the velocity of V fwl jwr scrotwl, the rhangr in velority or ne^Uve 
acedermtion will be F, - F feel per iecomt, ami the force or 
Impute will he ' ^ ' 

I* « jCr, - F). 

This force in om? s«’«iml will m«»ve the ili^iante F fort and will . . 
do the work 

I’lr, ™ Fi F - cF,r rn . . . (376) 

f i 

foobpoundi. 

Since the vane would 5«ion move IwyomI the range of the Jet, 
it would be nrcewry, in order »» obtain roniinwous action ana ■, 
motor, to provide a of vanw, whkh might te rnounktl 

tin the rim of « wheel. There would te, in tonmiuence, waste - 
of energy due lu iht? motion of the vane* in a circle and to 'I 
iplatlcfiog and other Imperfect atiion. i 

If the vrlmliy tif the Jet of water l» high it would fail to spread 
fairly over the plate In Fig. m, when it is at f»i, and a rrudo 
ni*g»r of the !«iri menti»««l would *h«»w a wry pmir effidenri. ^ ' 
Now jit«tn has r*r««!iogty high vriorlly when discharged from 
a noiwie, and the fri i» nwire tmaJly tir<»keii|S*ifh«i adver* Influ- 
ence* have even » wor«* rffni ilwn m water, and there k the * 
grralrr rcawin for following inrifu:*|» whh h lend l«» avoid waste. ' ; 
Ate, a* |»oln!«| out m |*4gr 414, ih«* romIt must te «o form®! as 
to exjMud the steam down to ihr l«rk prntfure, or rvpnsbn 
will ftmtinue Ijryond ilir mwwje with further acreleraticm of thi ^ 
uwler unfowrabir rontliifons, ' i 

It l« miy t« show that ihr |je»t rflkdrm'y of thr dmple artlutt 
^ a jet «n a wrif, whkh wr haw 4iwcn%««|, will tr obtained by , I 
making thr vetediy F «f ihr mnr tiall the vehiriiy F, of the Jet. ■ i 
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IMPULSE 

For if we differentiate the expression (276) with regard to V 
and equate the differential coefficient to zero we shall have 

y, --2F-0; 

and this value carried into expression (276) gives for the work 
on the vane 




but the kinetic energy of the jet is 


so that the efficiency is 0.5. 

If the flat plate in Fig. 99 be replaced by a semi-cylindricar 
vane as in Fig. 99a, the direction of the stream will be reversed, 
and the impulse will be twice as great. If the 
vane as before has the velocity F the relative 
velocity of the jet with regard to the vane will jj 

be 

F, - F P.O. m. 

and neglecting friction this velocity may be attributed to the 
water where it leaves the vane. This relative velocity at exit 
will be toward the rear, so that the absolute velocity will be 

F - (F, - F) - 2F - F,. 

The change of velocity or negative acceleration will be 

Fj - (sF FJ - 2 (F, ~ F), 
and the impulse is consequently 

P - J.2 (F, - F). 

The work of the impulse becomes 

- .2 (Fi ~ F) F - a ~ (F,F - F") , . (277) 
s i 

The maximum occurs when 1 

^ (F,F - P) - Fi >■ 2 F « o or F - i F*. 










STEAM-TURBINES 

But this value introduced in equation (277) now gives 

2 g ' ’ 

which is equal to the kinetic energy of the jet, and consequently ' 
the effici ency without allowing for losses appears to be unity. 

Certain water-wheels which work on essentially this principle 
give an efficiency of 0.85 to 0.90. The method in its simplest 
form is not well adapted to steam turbines, but this discussion 
leads naturally to the treatment of all impulse turbines now 

IXLcLCiC 

Reaction. — If a stream of water flows through a conical 
nozzle into the air with a velocity Tj as in Fig. 100, a force 



g 


(278): 


Fig. 100. 


will be exerted tending to move the vessel 
from which the flow takes place, in the 
contrary direction. Here again w is the 
weight discharged per second, and g is the 
acceleration due to grayity. The force R 
is called the reaction, a name that is So 
commonly used that it must be accepted. 
Since the fluid in the chamber is at rest, the velocity V, is that 
imparted by the pressure in one second, and is therefore an 
acceleration, and the force is therefore measured by the product 
of the mass and the acceleration. However elementary this may 
appear, it should be carefully borne in mind, to avoid future 

confusion. 1 1 • u 

If steam is discharged from a proper expanding nozzle, which 

reduces the pressure to that of the atmosphere, its reaction will 
be very nearly represented by equation (278), but if the expansion 
is incomplete in the nozzle it will continue beyond, and the 
added acceleration will affect the reaction. On the other hand, 
if the expansion' is excessive there will be sound waves in the 
xxozzld and other disturbances* 




M 
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The velocity of the jet depends on the pressure in the chamber, 
and if it can be maintained, the velocity will be the same rela- 
tively to the chamber when the latter is supposed to move. The 
work will in such case be equal to the product of the reaction, 
computed by equation (278), and the velocity of the chamber. 
There is no simple way of supplying fluid to a chamber which 
moves in a straight line, and a reaction wheel supplied with 
fluid at the centre and discharging through nozzles at the cir- 
cumference is affected by centrifugal force. Consequently, 
as there is now no example of a pure reaction steam turbine, it 
is not profitable to go further in this matter. It is, however, 
important to remember that velocity, or increase of velocity, is 
due to pressure in the chamber or space under consideration, 
and is relative to that chamber or space. 

General Case of Impulse. — In Fig. loi let ac represent the 
velocity of a jet of fluid, and let 7 represent the velocity of a 
curved vane ce. Then the 
velocity of the jet, relative \ 

to the vane is 7 , equal \ 

to he. This has been drawn \ ^ 

in the figure coincident P \ iso-a „ 

with the tangent at the end * ^ 

of the vane, and in general ) 

this arrangement is desir- ^ ^ f 

able because it avoids ^ ^ i' — ^ 

splattering. \ // 

If it be supposed that X 

the vane is bounded at 

the sides so that the steam Fio. mi. 

cannot spread laterally and 

if friction can be neglected, the relative velocity 7 , m|y be 
assumed to equal 7 ^ Its direction is along the tangent at 
the end e of the vane. The absolute velocity 74 can be found 
by drawing the parallelogram e/g/t with e/ equal to 7 , the 
velocity of the vane. 

The absolute entrance velocity 7 , can be resolved into the 
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twt> comjwnifiits rfi ant! k, ai right angirs tn anti akmg the direc- 
ibn tii ratilitm «»f the wnc. The ftirmrr may !« called the 
veltH tly t)f flow, 1'^ and the latter the velcnity of whirl, F . 
In like manner the aljsoUnc «it velocity may !>c rc»olv«j Into 
the etira|K>nents rk and which may be called the exit velocity 
of whirl IV, and the exit vTlwiiy of flow, F/. 

'rite kinetic energy torresimnding to the alwolutr exit velocity 
ii the lost or reJtTtwl energy of the eombinalion of jet and 
vane, and for gtxid efrnirnt y should !«• made smalt. The exit 
velocity of whir! in gtmentl serv« no ^»d puriwc and should 
1 h* made wro ttt obtain the liesi results. 

The clwnge in the veknlty of whirl k the retardation or nega- 
live aereleralkin that determine the driving force or impute; 
anti the cltange in the vekrity of flow In 111© manner prciducet 
an impulse at right angles it» the m«»tion of the vane, whkb In 
a turbine b felt as a thrust t»n the shaft. 

Let the angle mi which the Jet makes with the line of motitm 
of the vane be represented by «, and let ^ and i repmeat the 
anglw ki ant! kk which the tangrnti it the rnimnct and «lt of 
the vane make with the same line. 

The driving impulse b in general npral to 


/» • - |F, - F/) ; . . 

f 

and the thrust b etjiml to 


* « » » 




* • '»•*«# 


(m) 

(aSo) 


which fflay b« wdtte 


T - j(F, dn« - F, *ln , 

f 

If lliw if m wlwily ui wliirl »i rtil ihi? iwpttte 




m 


* * * 


(* 8 t) 


The work dellverwl to the vane |w setond it 



GENERAL CASE OF IMPULSE 


and since the kinetic energy of the jet is wV. 
ciency is 


To find the relations of the angles a, p, and 7, we have from 
inspection of Fig. 102 in which el is equal to ef, 

sin a = Fj sin /3 (285) 

F = Fjj cos 7 (286) 

V = cos a — Fj cos /?; 

from which ^ 

,r sin a n -XT sin a cos 7 

F. cos a-F,-: rCOS F^ : — -1 • 

^ ‘ sin ^ sm ^ 

sin P cos a — cos /3 sin q:= sin a cos 7 

and 

sin (/3 — a) = sin a cos 7 (287) 

The equations given above may ^ ^ ^ 

be applied to the computation \ 

of forces, work, and efficiency I \ \ 

when w pounds of fluid are dis- j \ 
charged from one or several noz- i \ — ° 
zles and act on one or a number A 

of vanes; that is, they are directly J 

applicable to any simple impulse ^ ^ ^ j 

turbine. 

Example. Let F^, the velocity j 
of discharge, be 3500 feet per ^ 
second as computed for a nozzle 
on page 444, and let a = 7 = 30°. By equation (287) 

sin (/? — a) = sin a cos 7 = 0.5 X 0.866 = 0.433. 
i 9 ~ a - 25 40'; P = SS° 40' 


^ ^sin^ 0.866 

F = Fj cos 7 ^ 2020 X 0.866 = 
e ^ 2 X 1750 X 0,866 4- 3500 
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Ho Aidli! Thimtt. — The builders of intpulse steam lurl 

altribule nnii h imj«irlant 
ttwiidirtfiasiiil ihruil, whkl: 
Ik* tltme by making the entt 
smi exit angles of the \ 
ei.jiial, uroeklftl lha! frf 
anil lither rwlslanrw « 
aegktietl. This Is evident 
cijuatiun faSo), jinivided 
IS made rtjual lo at* 
erjua! la i'j, anti also tha 
sin ft I* rrjiliu-ri,t liy F, si 
(Jr the satnr rom'liisitin ra 
drawn from Fig. toj lier 
in tin* rase 

ol •» r, tin It — I'jsin ,1 *~ l'^ sin y ki, 

amt consetiuenily there b no axial rriaftlaiion, 

The dr l^ival lurtiim? has rmly one sri of n«i«lrA which ex: 
the sirrtin at onte iti the Itarfe |ir«suiT. anti t ittisrtjuentlj 
vrlmtty of the vanes i% trry high and even with small w 
it b tfilFMrult to Imlanre them Mikfariorily, ‘Fhb dtlTrul 
met by the m*h* of tt .ilexiblr stoft. ami ron*e»juratly axial tl 
Is likely to tie trt*«hlrM»mr;aA « matter of fail the turbine 
arranged thnl the axial fttrer fif ihrrr k any) ^hall In* a 
The irojKirtanre «»f awmling axkl thrufi totrtliier lyi** of imj 
turbines dow m»t a|ifi**ar to In* ««i great, and In ioine e*#(» 
thrust may lie an ativaniagr, for rxamjdr in marine {iwjiuW 
If t is m«t!r rtutttl hi ^ in etjualion (i$j ) w bive 

sin ^ < it* «t — t m ^ sin « *«> »in « s |l 

cti! ^ « I rm « , , . ' , , { 

and from insjwtion of Fig. 103 it b rviidrol that V b half n 
Kdociiy of whirl «»r 

F *• I F, fit* « 
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If this value is carried into equations (283) and (284) the 
work and efficiency become 


Tf ~ F’cos*a 
g 


This freedom from axial thrust appears to be purchased 
dearly unless the accompanying reduction of velocity of the 
wheel is to be considered also of importance. 

Example. If as in the preceding case the velocity of discharge 
is 3500 feet per second, and if a is 30®, we have now the following 
results, 

cot^ ^ I cot a — I X 1.732 *" 0.866 /3 =« 49® 10' 

y » I F, cos « « i X 3500 X 0-866 =“ 1515 
e — cos® 30° X* 0,75. 

Effect of Friction. — The direct effect of friction is to reduce 
the exit velocity from the vane; resistance due to striking the 
edges of the vanes, splattering, and other irregularities, will 
reduce the velocity both at entering and leaving. The effect of 
friction and other resistances is two-fold; the eff®:t is to reduce 
the efficiency of the wheel by changing kinetic energy into heat, 
and to reduce the velocity at which the best efficiency will be 
obtained. There does not appear to be sufficient data to permit 
of a quantitative treatment of this subject. Small reductions 
from the speed of maximum efficiency will have but small effect. 

The question as to what change shall be made in the exit 
angle (if any) on account of friction will depend on the relative 
importance attached to avoiding velocity of whirl and axial 
thrust. If the latter is considered to be the more important, 
then 7 should be made somewhat larger so that the exit velocity 
of flow may be equal to the entrance velocity of flow. But if it 
is desired to make the exit velocity of whirl zero, then y should be 
somewhat decreased. 

Design of a Simple Impulse Turbine. — The following compu- 
tation may be taken to illustrate the method of applying the 
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402 STEAM-TURBINES 

foregoing discussion to a simple impulse turbine of the de Laval 
type. 

Assume the steam-pressure on the nozzles to be 150 pounds 
gauge and that there is a vacuum of 26 inches of mercury; required 
the principal dimension of a turbine to deliver 150 brake horse 
power. 

The computation on page 444 for a steam- nozzle under these 
conditions gave for the velocity of the jet, allowing 0.15 for 
friction, == 3500 feet per second. The throat pressure was 
taken to be 96 pounds absolute, giving a velocity at the throat 
of 1480 feet per second. The dryness factor was 0.965 at the 
throat; at the exit this factor was 0.833 friction and for 

adiabatic expansion was 0.790. 

The thermal efficiency for adiabatic expansion with no allow- 
ance for friction or losses whatsoever, as for an ideal non-con- 
ducting engine, is given by equation (144) page 136 as 



e = X = I - — ; = 0.262: 

^i+qi~ 856-0 + 337.6 - 94.3 

the corresponding heat consumption is 

42,42 0.262 = 162, 

by the method on page 144. 

Let the angle of the nozzle be taken as 30° as on page 481, 
then the angle ^ becomes 49° 10', the efficiency is 0.75 and the 
velocity of the vanes must be 1515 feet per second. 

Suppose that ten per cent be allowed for friction and resistance 
in the vanes, and that the friction of the bearings and gears is 
ten per cent; then, remembering that 0.15 was allowed for the 
friction in the nozzle, and that the efficiency deduced from the 
velocities is 0.75, the combined efficiency of the turbine should 
be 

0.262 X 0.75 X 0.85 X 0.9 X 0.9 == 0.135; 
which corresponds to 

42.42 0.135 *= 314 B.X.U. 

per horse-power per minute. 
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Now it costs to ma^e one pound of steam at 150 pounds by 
the gauge or 165 pounds absolute, from feed water at 126° F. 
(2 pounds absolute) 

?2 == 856.0 + 337.6 - 94.3 = 1099 B.T.U., 

consequently 314 b.t.u. per horse-power per minute correspond 
to 

gi4 X 60 1099 = 17,2 

pounds of steam per horse- power per hour. 

The total steam per hour for 150 horse-power appears to be 

150 X 17.2 = 2580. 

If the nozzle designed on page 444 be taken it appears that 
five would not be sufficient, as 
each would deliver only 500 fL_^ 050 — 

pounds of steam per hour. But | 
if allowance be made for a mod- |l 
erate overload, six could be 1 ^ 

supplied. * d 

Not uncommonly turbines of \ 

this type are run under speed as J . 

a matter of convenience. Sup- k A f 

pose, for example, the speed of j J/V 

the vanes is only 0.3 of the j | M 

velocity of whirl, instead of | 

0.5; that is, in this case take 

^ ’ Fig. J04. 

V = 1050. 

This case is represented by Fig. 104, from which it is evideaf 
that 

Yf = F/ = af = Fi sin 30° = 3500 X 0.5 = 1750 
F„= Fj cos 30° = 3500 X 0.866=3030 
tan ^ = ai id = 1750-^ (303° “ i°S°) ~ 0.884 
/? = 41° 30'. 

The two triangles aid and elh are equal, and 
le = id = 3030 — 1050 = 1980; 


mssmsm 

imms ssm 

lUIHH 
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STEAM-TURBINES 


consequently the exit velocity of whirl is 

W/ = ek = 1050 — 1980 = — 930. 
Consequently the work delivered to the vane is 


PF = ^[3030 - (• 

. w 
== 416000 - • 

g 


w 

930)] 1050 = - 3960 X 1050 

o 


j ■: 


But the kinetic energy is wV^ -h ag, so that the efficiency is 
416000 X 2 350°* = 0.68. 

The combined efficiency of the turbine therefore becomes 
0.262 X 0.68 X 0.85 X 0.9 X 0.9 = 0.123 
instead of 0.135; S'Hd the heat consumption becomes 
42.42 -H 0.123 = 345 B'T.U. 

per horse-power per minute; and the steam consumption increases 
to 

345 X 60 -i- 1099 — 18.8 

pounds per horse-power per hour. The total steam per hour 
appears now to be about , • ' 

18.7 X 150 = 2800, 

so that six nozzles like that computed on page 444 would give 
only a margin for governing. 

If the turbine be given twelve thousand revolutions per minute 
the diameter at the middle of the length of the vanes will be 

D = 1050 X 12 X 60 -j- (3.14 X 12000) = 20 inches. 

The computation on page 444 gave for the exit diameter of 
the nozzle 1.026 inches, and as the angle of inclination to the 
plane of the wheel is 30°, the width of the jet at that plane 
would be twice the exit diameter or somewhat more, due to the 
natural spreading of the jet. The radial length of the vanes 
may be made somewhat greater than an ineh, perhaps i*'inches. ’ 
The circumferential space occupied by the six jets will be about 


' 
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TESTS ON A DE LAVAL TURBINE 


ia| inchra out of 62.8 inches (the perimeter), or somewhat less 
than ane«fifth. The section of the nozzle is shown by 




Fitt* !©!» 




Fig. 105, and the form of the vanes may be like Fig. 106. 
In this case the thickness of a vane is made half the space 
from one vane to the nest, or one-third the 
pilch from vane to vane. The normal width \ 
of the {MisMge » made constant, the face of one 
vane and the Imck of the next vane being struck 
from the same centre. The form and spacing 'a'W'"W/^ 
of vane« can Iw determined by ex|wriencc only ^ ^ 

and apiK'ttrs to dejamd largely on the judgment ^ 
of the disigner. In flt^nding on the axial width m. ««. 
of the vanw it must Ijc borne in mind that 
increasing that width increases the length and therefore the 
friction of the imssage; but that on the other hand, decreasing 
the width increases the curvature of the paasage which may be 
equally unfavomble. Sharply curved passages also tend to 
produce centrifugal action, by which is meant now a tendency to 
crowd the fluid toward the concave side which tends to raise 
the pressure there, and decrease it at the convex side, Mr, 
Alexander Jude,* for a particular case with a steam velocity of 
1000 fiTft per second, computes a change of pressure from 100 to 
107.1 jKiunds tm the concave side and a fall to 93.4 on fhe convex 
aide. Even if this am.* should appear to be extreme there is no 
quratten that sharp curves are to be avoided in designing the 

it«ni f«»a.g«. , . , 

f w rt f on a d* baval TuAlaa. — The followmg are results of 

tmtM 00 a de Laval .furbtnc made by Messrs. J. A, McKenna 

* rkm-y »f th§ Stmm TwrUm, p, 49, 
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Compound 8tMtm-TafW»M». -THrrr arr ibrrr in whkh 
Jmiittte'tMrWnw hatr i-Nprn fii ilir »ir«« may be 

fx|mndw! «i tnwr !« ibr tat I lirr^nrr amt itan to *rt 

on A iwrrwion moving ami •i«il<»iMiry vaorn, i#} shr »i«m 
may fii»» through a unrirwhui of rtafiil»rr» rath of whith ha* 
in It one iimidr imitnlM* whrri or Cji a towldiiwikm of thr* 
meih«at» may ir m«tlr, the ftimm ihrtmih « 

of rhamliw in r«th of whk'h It »si* «»« » of moviog 

ami i*t«ii«Miary wnm. The 6f%i nwifwtti whkh gH-r* a wry 
rompct bttt an toeikleoi -wheel, k umi (m the tar king lorbine 
of the Curtk twMrino'tttrbtne. The swoinl sm'tfawi! I» itswi la the 
Ratrau lurMnc, whk’h taw wualiy » tarpe* miintaf of rlwimtafi. 
The thW nwthw! I* fwomi In the Cortk turidwr »hkh taa fn»m 
two to wrvrn chanilier* in rsrh of whkh mr ffom two to four ids 
oi rewlving vmm. 

The I^nom turbinr, which k m Imptita-fratiirm wtarl, hw 
ft very kr^r* numlrr of *eti of vaiMw, i,c., ff«i« fifty to 

ooif hundred ami fifty. 

The vftfbtt* forntu of iofw|**«ml Hsrblttrt haw ti«?r« dei'WI 
to reduce the tfiml «f the vanw am! il»r revoluitafii |*pf minute 
to coavtnieiit rondiltens »fiho«i tarrliclni Ita efcfcocy, 

• Tte*fc, 5kf l.T> i^j. t r^k, u i.T. »«. 
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VELOCITY COMPOUNDING ^ 487 

Velocity Compounding. — In Fig. 107, let represent the 

velocity of a jet of steam that is expanded in a proper nozzle 

down to the back-pressure. 

Suppose it acts on an equal- 

angled ( ^ = 7 ) vane which has j 

the velocity V- The relative 1 \ „ 

1.1 \v'' 

velocity at entrance to that | \ \ 

™ne L V, and this velocity 

reversed and drawn at Fj may | | 

represent the exit velocity, i 

neglecting friction. F4 is the 

absolute velocity at exit from ^ 

the vane, which may be re- 

versed by an equal-angled 

stationary guide, and then - 

becomes the absolute velocity vi/^ 

F/ acting on the next vane. / 

The diagram of velocities for y——c 

•the second moving vane is 
composed of the lines lettered \\ 

F/, F,', F/ and F/; the \ A 

last of these is reversed by a ^ 

stationary guide, and the / 

velocities of the third vane are j 

F/', F/', F/' and 74". The j 

diagram is constructed by v 

dividing the velocity of whirl 

F«,= FiCOSa: 

into SIX equal parts, and the final exit velocity F4" is vertical, 
indicating that there is no velocity of whirl at that place. 

It is immediately evident, since the velocity of flow is unaltered 
in Fig. 107, and since there is no exit velocity of whirl that the 
efficiency neglecting friction is the same as for Fig- 103, namely 

e — cos^ a 


as given by equation (291) page 481. 
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li is, howrvrr, iitirr«'»i»ng !o tlrirffnlnr ihr work done on wch 
vane; ihr »urti i»l llir works tif cottrw Irads n» ihr «mif 
In Fig. so? shr vrkx'isy whirl <ii rnlramr l« llir Iks! vane « 

F, Cl* o 

and the vrkriiy of wfhlrt ai rsii j» 

I'orwijijucnily ihr work donr **n itir ranr i« 

r, ..]j *- 1\ «» II, 

iMT'aMW V WBM mildr rijiwl l»» «*nr •i%lh t*l ihr irknily of whirl, 
Thb e*|»r«»b« ridwcr* l« 

I© If* i# i . 1 

. « I / ri , 

The m-'ond and third 'mma rn'rivr ibr work* 

— * F,*h!»*w and ~ * 

» tlwi ilw rwiuliani work k 

I ^ l‘ * «»* m 
I 

«nd tffrlrnry b rvWtwiy gl%r» liy ihr riiimiiikin 
rjwkfd. Thr rw«H iniimtiii* fraiwr «l ihb dlM-imbn b tli«t 
the rilitlnn of thr worfai ilirtr no ilw? ihrw mm* k 

5. I* »• 

A dwilar inrwiigailon will tlww ilai ih*' 
four wni* Is 

7> 5. J. »• 

The fim figure in such a srrlt* k otrtaiiiwl tiy tifcling !# the 
numlwT of vanr* «»»• lr» ihan llwi owwia'r, amt each *««'*’«dlttg 
trrin b two Mnll* tjwllrr. Tlw# «?%*« ranr* gii-r the dbtribu* 
tfoe 

»3» »«. §> It :S» it *• 
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It in rcmsklcml thsit this type of turbine cannot be made to 
give g«Htci ftbc icni y in practice on account of large losses in passing 
through a surccssion of vanes and guides, especially as the steam 
in the earlier stagra has high velocities. The turbine, however, 
has certain advantage* when used as a backing device for a 
marine-turbine, in that it may Ih? wry compact, and can be placed 
in the low-prewure or exhaust chamber, so that it will experience 
but little resistance when running idle during the normal forward 
motion of the sbl{». 

In dealing with this problem It is convenient to transfer the 
construction to the rtmibinetl diagram at afit, Fig. 107; diagrams 
for guides like tluit ntaele up of the velocities Fg, F4 and V^ being 
inverictd f{»r ilmt ptjrpose, It is < lear that the aksolute velocities 
at exit from the noxxle anti the guides are represented by F„F/ 
and V", while the rekttive wlrndties are F,, F,' and F," which 
with nt» axial thrust are ctjual tti F,, F,' and F,". The absolute 
veltH'ily at eniranet; to a given guttle Is taken ati etiual to the abso- 
lute velocity at exit from the prt*ct.*ding vane, thus F/ is equal 
to Fg, etc. 'ITse laAt alxadule velorily V^' m equal to at the 
constant velocity of fk»w. 

The angk« «, A «»« fiv *** (% property indicated as may 

be seen by comparing the original with the combined diagram. 

If the diagram I* accumlely tlrawn to a large scale, the velocities 
and anglw can Ik* measurtxi from It, or they may readily be 
cakuktctl irigtwftometrkally. Thus 


*!n « . * „ 

r~-~“ ; tan a. 
tcm«t 


I cost* 


Fj - F, aln « cpsec F,' - F, ih* « cosec «*, etc. 

The radial Itnfth of the mnw and guides must be increased 
inversely projKirtional to the vdtKltlw, using relative velocities 
for the wn» and ateilute velocities for the guides. 

There appmrs to I* no reason why the guides should be 
rdievixt from axial thrust provided they can be properly sup- 
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KxrrpS fJwt th«’ jM%»i>4gc«» in ihr ^iiulf^i migiil luttimr Im 
bug »ir tt» siiariily curvwi they miglil all Ijw givtn ihe ««e 
di'tivrry aagle is ihc n»4«lci aail ihu-n a atiiaWr imiirtivemeat 
1 ^ in tciuM be 

' Vw.-'v rralimi, !a Fig, 

^'^'^****^* Fj 

F*, arw *|«wo la 

\ itir «*ual m« after, F, 

Y l»*n« «i* I',; liw 

%r|»«i«i 1% U laid ort 
»!«»«« ihr mmr line m 
■-. ,• ' " F, .*ftd i% biirfftl F,' 

' ' »ml »rr%-« »» Ihc inilhl 

%rl»t* jiy b»f a nrw i«a. 
•truclten •» todicmlfti. t%* in io like riMuaci laki 4»i ft»r F/', 
aftti ihite the iliagratti i* rwfft|4elr«l. Tbc mI ihe ranw 

of roam? rrftwitt,» roft*laiil with ibr i^ahir I' 

Follfjwtng lt*e |»fal4«’Ri «« fiagr m for * 4ml«rgi«g 

frora I so by lb** gaiigr imu imhr!» «4 iiiwom wp Haw 

F, « jjoo f«i fwr »r«Hftt} wiiH t - o u- 'rt*r 4'alw** i»f F my 
be takrft a# ft jo fwi }*tf whkb g»u-» a dingfum «ilH m> 

Im! wlmiiy of wHiri 

The r*li veltrliy »f whirl fttiw ihe fir*» »rl «f ran« I* - iflja 
f«S per swtMwl 1 * wf«iifwl «« ilw 4i«g«w, att'l »i»'e iHe Iniliat 
wtecltf of whirl fa 
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ami iiH the tntrinsk' energy of the jet is 

I , *• I 3500 - « 6iasooo~ 
i g 

the rllkiency of this arrangement without losses and friction 
aji{M?ar» Iw l»c 

573© + 6135 • 0.92. 

Effftcl of Friction. — ■ The effect of friction is to change some 
of the kinriir energ)' into heat, thereby reducing the velocity and 
at the snmt* time drying the steam and increasing the specific 
volume so thill the length of the guides and vanes must be 
inir«if*«i ttt a somewhat larger ratio than would otherwise be 
m|uirrd. 

A melhiKl of allowing for friction is to reilraw the diagram of 
Fig. 107, shortening the lines that represent the velocities to 
ttitow for frklion. 

In order i« bring out the meiluKi etearly an escessive value 
will lie 8»igii«l to the roefikient for friction, namely, y - 0.19, 
Kj that iht* etjuatbn for vrlotity may have for its typical form 

« V $^b - y) » o.Q 

Apin the roeffirieni will lx* ft<«um«t to Ire constant for sake of 
simplkily, more w{«?t wily as but little li known with regard to 
its real value. 

The ilfagram shown 
by Fig. !«} wa* drawn 
by trial with I', *• 
ami with « "» |o* It 
a{}}>earcc| n«*«wary to 
mluce F to 380 feet 
{)er Htt'ond. Instead of 
505 feet, which would 
Ik* projier without fric- 
tion, this latter tjuantlly 

Wng onc-ftlslh of the r». »««. 

initial velocity of whirl, 

F». F, cm ft * ^ o.Sftfi 3 ® 3 °' 







4^3 

Starling with wlf>cll|c af ihr |rl. ihr irknile i',, F, F, 

is drawn la drirrminr ihr initial rrklivc vrlm iiy im ihr liwi set 
of vstn». Tl»r e»il wkrily \\ i» iiwdr «|i»al !«» 1%, m4 the 

imngtr l\, r, 1% t» drawn i« driiprinin*- ihr .ilnulwlr wlocily 
t! e»il l'% from the giwlro. Thk b taken l*» »«• il»e wkwily tt 
cntranrr !o ihr gakk**, bm ihr rstii %'rW ity fr»*w them b taken to 
to* F ' - o.»i F». Two rejniiikttti* »»f ibb |»rmr«.« ♦•omidrle the 
dlugimra. I'hr %'r!irili« (»f whirl «i rniramr It* thr Ihfrt* m» ^ 
vtnw a* mrasiirril »*n llw diagram arr 

jsp *;•% 

and the vrhrtUrs t4 whirl at r%it b»«m are 

- i&jo »ik* o. 

m that thr nrgallw arrrlrraiwn* afr 

45:JO §0Ol, 

waking a total «f Siwe lltr ^ebaili i*l thr miirt b .ite 

fwt jirr sef'onsl the work dellwml «*» the turbinr b 

ii.iSo X 0m*~ - IsAwi 

t f 

aiKj roniiwinrnilj', ttaing ll» liiirtk rnrrfv alrrady f« 
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t»f dtiw, ihr rwlwikw b a nwinnfr «»f itw iw|»nl*r 
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In Fig. no an attempt is avoid axial thrust on 

the vanes, and at the same time to retain a fair eflhciency 
by making the, 
delivery angle of 
the guides constant. 

A calculation like 
that on page 492 
indicates that an 
efficiency of 0.76 
might be expected • 
in this case. It is j 
quite likely that 
in practice there fio. no. 

might be difficulty 

* in making the delivery angle of the guide as small as 30°, 
but it appears as though the common idea that it is practically 
impossible to make an economical turbine on this principle is 
not entirely justified. 

Pressure Compounding. — The second method of compounding 
impulse turbines with a number of chambers each containing 
a single impulse wheel like that of the de Laval turbine requires 
a large number of stages to give satisfactory results. For sake 
of comparison with preceding calculation we will take the 
same initial and final pressure and the same angle for the nozzles, 
namely, 150 pounds by the gauge and 26 inches vacuum, and 
a = 30°. 

Nine stages in this case will give approximately the same 
speed of the vanes as in the problem on page 490. The temper- 
ature-entropy table which was made for work of this nature 
is most conveniently used with temperature, and in this case the 
initial and final temperature can be taken as 366° F. and 126° F. 
At 366° F. the steam is found to be nearly dry for the entropy 
1.56 and that column will be taken for the solution of this 
problem. The heat contents is 1193 .3 instead of 1193.6 as 
found for 366° F. in Table I of the “Tables of Prop- 
erties of Steam.” On the other hand the table gives at 
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This will give for the tvallabk heat for each chamber 8 
thermal units, and using as before y •* 0,1 we shall have 

V', - V*a X 3a. a X 778 X 8 X 0.9 " 600 

feet per second. With n «• 30* the velocity of whirl is now 520 
feet and the vrimrity of the vanes as stated is 260 feet per second. 

The nest tjuestitm in the discussion of this turbine is the 
distribution of {iressure. If the coefficients for friction and 
other Irimes are taken io Ik* cemstant, then the pressure can be at 
ontf determined by the adialmtic method. 

In the problem alreatly discussed 33 n.T.u, are assigned to 
eat h stage, anti if this figure be subtracted nine times in succes- 
sion frtim the heat contents tto4 at the initial temperature we 
ahall have the values which msiy Ik* used in determining the 
intermetlittte trmt«*raiures frtun the temperature-entropy table. 
Also frtim that table or from Table I in the “Tables of 
Profieriiw of Steam, “ the corresiHmtUng pressures can be 
determined. The work is arranged in the following table: 

tUHTRIIttmtiN (»F I'RK8.SURE. 
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The last column give* the ratio of any given pressure to the 
p'ceeding pressure, i,e. tta ; 165 ■* 0.68. Th^e ratios indicate 
that siropk* eonlral converging noiales will be sufficient for all 
but the last stage. With the usual number of stages, twenty or 
marc, the ratiew arc certain to be larger than o.d in all cases, 
indicating the use of converging nozzles throughout. 
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FIRST COMPUTATION OF QUALITIES AND VOLUMES. 
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By ih** aid <»f thf {fmiHTalurc-entropy table, the qualities 
ant! ijRtifiK vwtumw nwiy la* tlt?terminetl direclly with good 
apfifoxlmathm, it Iring nrrwaary <mly to folhjw the line of the 
tem{a-riilure to an rntfopy column, Imving nearly the proper 
heat ctmtents. 

There b ii serious tjbjifllon to this method as applied, because 
It i\m% not take any account of the fact that as the steam passes 
from stage to »t*pp* losing less heat than it would with adiabatic 
ttclicm, the entrcjpy inrreasw, and that with increased entropy 
the tilffrrencr of heat contents la-tween two given temperatures 
tacr«a«». Thl» will la? very apimrent from inspection of a 
trmfiwmturc-entttJpy diagram or the teraiH-raturc-entropy table. 
This matter will l»' diseuwed more at length in connection with 
the Curtl* type of turbine. 

It ha» been wumrd that the same amount of heat should be 
a»iignt?d to each stage for the adiatmtie calculation and that the 
value's of y to allow for friction and losses remain constant. 
As to the 4lu« tlml should la? awipwl to y, we have very little 
published Information: It may l>e noted in passing that our 
altowftncr ft*r friction in the noadw and guides is probably too 
large. It will t» evident that thw is no difficulty in maintaining 
the amount aasiped to each stage in its proper proportion even 
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though y shall be varied from stage to stage. For example, our 
choice of o.r for both y and y^ gives 

32 X 0.9 X 0.9 = 25.92 B.T.U., 

which onultiplied by 0.75, the efficiency due to the angles and 
velocities, gives r9.44 b.t.u. as above. Let it be assumed for 
the moment that the above product shall be kept constant, so as 
to obtain the same velocity of jet in each stage. Then the 
following table exhibits a way of accomplishing this purpose 
while varying y and y^\ 
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30-9 
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32.3 
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The last line shows the proper assignment of thermal units 
for this condition. For simplicity both y and y^ are assumed 
to vary uniformly, but other variations can be worked out with 
a little more trouble. Evidently the sum of the figures in the 
last line should be equal to 

9 X 32 = 288; 

it is a trifle larger in the table. 

Now it is probable that the best values of the factor for friction 
and resistance are to be derived from investigations on turbines 
rather than from separate experiments on nozzles and vanes, 
and it is evident that the use of the methods of representing 
the friction by a factor y is rather a crude way of trying to attain 
in a new design favorable conditions found in a turbine already 
built. 

Since the general conditions of this problem are the same as 
those on page 481, the efficiency due to adiabatic action will be 
the same as is also the efficiency due to the angles and velocities. 
Taking the factors for friction in the guides and blades as each 
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o.i, the corresponding factors are 0.9 and 0.9. The efficiency 
due to velocities is 0.7 5 j the mechanical efficiency may be 
estimated as 0.9. The combined efficiency of the turbine is 

0.262 X 0.7s X 0.9 X 0.9 X 0.9 = 0.143. 

A computation like that on page 483 with this efficiency gives 
for the probable steam consumption 16.2 pounds per brake 
horse-power per hour. 

Assume that the turbine is to deliver 500 brake horse-power; 
then the steam consumption per second will be 

16.2 X 500 3600 = 2.25 pounds. 

We can now determine the principal dimensions of the turbine 
to suit the conditions of its use. Suppose that it is desired to 
restrict the revolutions to 1200 per minute or 20 per second , 
then with nine stages and a peripheral velocity of 5^® f®^ ^ke 
vanes the diameter will be 

320 207r = 8.28 feet. 

For a turbine of the power assigned this diameter will be 
found to be inconveniently large. If, however, the number of 
stages can be made 36, the velocity will be reduced to 260 feet 
per second as computed on page 495. This will give for the 
diameter 

260 -i- 2o;t = 4.14 feet. 

I 

The remainder of our calculation will be carried out on these 
assumptions, namely, that the power is to be 5^ br^e- 
horse-power, and that there are to be 36 stages. If the method 
of the table on page 497 were applied to a turbme having the 
full 36 stages now contemplated, it would have 37 lines; namey, 
the ten already set down, and three intermediate entries between 
each pair of consecutive lines; but the temperatur^ found m 
that table would be found in the more extended ta^e to^ er 
with their specific volumes. We can, therefore, use t ^ ® ° 
calculate areas and lengths of vanes for 9 out of the 36 stages. 
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Conversely, if disirctl, ihe thickness of the vanes could be 
adjusted to give the same length. Such a construction as this 
leads to Is likely to give too sharp a curvature to the backs of 
the vanes, and it may la? better to givp only the thickness 
demanded for strength and take the chance that the passage 
between the vanw shall not be fdled. If allowance is made for 
friction and the consetjuent retiuction in velocity the lengths of 
the vanes should be corresfmndingly increased. 

The length* of the guides for the other stages will be directly 
pmnortional to the sjm'iftc volumes in the table on page 497, 
because the vehiriliw have Inam made the same for all the stages. 
For esampk*, at igc)® the length tor full admission will be 

t*4S X .1*'^ * <4^ “ inch, 

which will be the projHT length for the twenty-fourth stage. If 
it is consklrred undwirable to further reduce the length we may 
resort to admitting stmm through guides for only a portion of 
the j»eriphery. Making the arc of admission vary as the specific 
volumes, the fourth stage (line i of the table on page 497) will 
Imve ttdmisaion for 

jfto X 3.Sb + 31.8 «• 43®. 

lotermalfaitc lengths of ^vtaei and ara of sdmiMion may be 
computed by filling out a table like that on page 497 for all the 
or a diagrtm may be dmwn from which the required 
inforwttlten can he had by Interpoktioni the values on the line 
numWred o are for this purjawe, there being of course no coree- 
apoftdtag itop. In fact the method of computing at convenient 
intervals and lflt«r|»lttiRi from curves i* likely to be more accu- 
mle a* well aa B»re convenleat, as the «nw of adiabatic calcula- 
tion* tor it«m with small c’hftap of ttmpaature ia liable to be 
eacM*lve, 

L«tai# and Radktfon. — This type of turbine, as will be seen 
In the dcscripiton of the Ratmu turbine, ha* a number of wheels 
each In it* own chamber, and the chambers are separated by 
stationary disk* that extend to the shaft. Reduction of leakage 
must te aitaioed bv a small clearance between the disk and the 
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shaft for a profMT fwmring or blurting fow ciintioi In* « i© 

inatT»siblr a |»latr. 1’hr Irakagr »an I** wiiimlea by aid ©f 
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the Irttfith uf piktra tif thr art «4 admWion iiwy k- imrra«t at 
the high i»r»i*ure end «»f the turbinr. 'I’hrrr th«-» fu»i ajijrar 
tti l»e any InhirnMitfon nincrming ibr fadtafion from slrtm- 
lurbiow. till the om* ham! ibr mm nl ratliailng *ttrfarr k 
larger tlwn for *ir*fn'enfiK« «»l on thr mbrr ihr irtniwraiiirw ^ 
arr Im for fhr grratrr |te4ri if not all of that arra, F«r romfmrt 
slmni'englnw Ihr radiaikin h likriy f» l*r Irtnw fiw hi ten j*er 
rent. Ft>r inrblno of ihr ami Cnrii* iy|»» the rffeet 

of radiation i*» to rrt|«lfr lati^f Mtm* In gwid« arwl 
ttt the high {»rr«Mre end, 

'r«rbin« with intwnrr-cwmiwujwlliii usually Itave 
some »!»«’«? bptw«?n the mum «f t»or wlwri #wl Ihe ne*l 
ii&rt of guW« or *otl toftwt|iirnily ilw almdtitr e«it 

velwt'liy ii Rwinly If noi rntifrly » ihal ilw 

rntm thow? noiwir* with no »|i|ifw'iaid«f vrl«iiy, If ih» atllott 
ii romphie it ««»«ld a|i|wr t« k of ilsifc ttinartiMrnrr whrr® the 
gyldr* or ntjwje* arr NrvrWhrltsp* twnakjrwMr 

ianre k mtiachwl So hwattag Ihc guklr# w» lhai tleam fwta the 
whii?l ihall How dirwrily inio tlitre. m It i«k» aa 

appra'lable time to fhtw through ihr briwrrn tk 

v»n», Ihr fiiriim will !«■ dliMi'lwrg«t »S distant r from the 

jdare at whirh It wa» rrtriwfl atid ihr ^r«l jwih of Ihr *l«iro 
is a spiral *o«mi «r«iio*l tlir lurbinr *air in ilir dir«'*k»8 
roiatbn. 
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Lc't abedi reprewnt a vtvne which has steam entering it 
litfigeniiaHy with the velocity Fj, while it has itself the velocity 
r. A»uming that the relative velocity is 
tonstant wt* may ilivale the curve into a 
numbT of equal small parts tlmt are approxi- 
matcly straight. Fmm h lay off 

W * ai> L A«' 

V , FlO. iia. 

then V will Ik a jioini in the traJiTtory of the particle of steam. 

F 

in like manner rc' • mb --- , etc. 

' * 

The {Kith ufi'r'rfV may la* taken as the trajectory of the steam, and 
e/ l» the lead as flelinwl alx>vc. Prr»{>erly a similar construction 
shouht Ik itwtlr ulmt for the hack of the vane, and the mean path 
shmihl lx* taken to eslahlbh the lead, Extreme refinement is 
proliahly neither ntT«*s»ary nor justifiable in this work. 

Eatwtu Turbin#. — The construction of this turbine, which is 

of the pure pressure-compound 

„ J ^ tyfKk repri'sented by Fig, 113, 

which is a half section through 
*4 MS 44 fcgg iwi the shaft, wheels and casing. 
I Hi ^ J The wheels are light dished 
I II I II J pktes which are secured to 

I II I II I hul» that are pressed onto the 

I II III I shaft and which carry the 

I II I II I moving vanes. The chambers 

I II I II I art* seprated by diaphragms 

I II I II I of plate steel, riveted to a rim 

IV I M I and to a hub cMting. The 

, J *T hute are bushed with anti- 

1 X friction metal that is expected 

f I % to wear away If it by chance 

I touches the shaft. This tur- 

^ III. bine is sometimw divided into 

two wetloR* tM pptivitle a middle lx*aring for the shaft, which 
ha* conddrrahir length and should preferably have a sraaU 
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diiimiirr i«> rnlure Irakair. Thr hi«}i |*fr%»iirr |M»rtbn lay 
havranmailrr dtararirr l» bdlilair 4rfan«rJi«nJ tif tiid 

vants. Sometime* ftterc art* ihree tlia meter* for ihc same pur- 
{«»e. UmI little extra ct«m|i!iralk>n »4 cowpMiatkm H 
by «Jfh rlmngr pf diamrirr; al! Iha! I» nrrewary b to mke 
the ixirtkm nt available liwi }rf «u»t’ larger in prtif»nioa to 
the inerca* In fifriphew! *|»wi. 
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The areomiwnyiag laWe ^v«» fr»«lii> «l s«i* «n » Haitta 
turbine by l*ri»f«»»r Siratlola. I’t* rt*m|«rr w'itb front 

alrftt«*rngtiie», lh«e k«rf *k»«W l« frleffril iti brake IwiW' 
{x»wrr, with « mtthitfikal rfcknt’y «f oM% to 
ThS* tyj*' i*f inrbiw h«« lirtm «p|4irtl mfully i« tw 
e*hiiwt Hiram fwtm m-iprm'iiitai rngtow trhk h Iwr mttm jmriw 
r*hat»t ai atrmwphrric fww.wr tw ial*» * |«mr ramuw. Knrh 
ap|4k«iii»ii can, however, In? I*MI l«««l i*r «rii*Jrni«l. 

8t««m Friction of OWi». -« Tbr r«»iancr whkh » 

turbinr wheel r*nerirtn'» while rtiialing In *!«i« can Ir rlividW 
into two |»rts: llr»i, that d«t !o iht frkilon of ite swertih 
and »c 0 ncl, ihal tinr !« ihr acibn of ihe wn», which hat* «a 
rffrri tt»w|«r«lilp to that uf a trniflfygiil pump. 

From a ciin.»lt|rraiki« of i»i* wade by litlrll f rni «ardl>crtid 
dtalH, and by l^'werki 1 «»n a tie iwWnr wlwvt »lriwB it 

• Mmm Tmiitme, um», I** I. t’ 

t Biiimmirng, Immff, I Mtmmht, 4 V dturn-mh imf Mtt| 
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its casing, and from tests of his own, Professor Stodola gives the 
following equations for the horse-power required to drive smooth 
wheels and to drive wheels with vanes forward: 

Smooth wheels * 

(JLW 


\ioo/ 


H.P. =0.02295 
Wheels with vanes 

H.P. = [0.02295 + 1.4346 (“)'y 

where D is the diameter in feet, L is the blade length in inches, 

V is the peripheral speed in feet per second, and 7 is the density 
of the medium. The values of the other factors are 
= 3.14 Qij = 0.42. 

These formulae explain why the backing turbine for marine 
propulsion is always run in a vacuum when idle. 

Turbines which have only a partial admission must be affected 
by some such action for that part of the revolution during which 
steam is not admitted; but this matter is obscure and such a 
resistance must be combined with friction and other resistances. 
It is therefore very difficult to assign the proper value to the fric- 
tion factor y for steam in the vanes or in the guides and vanes of 
a velocity-compound turbine. In particular any change of the 
angle 7 (Fig. 103, page 480) to avoid end thrust must be made 
with caution and should be checked by experiment. 

Side Thrust. — If admission is restricted to only a part of the 
periphery of a turbine, then in order to preserve a balance and 
avoid unnecessary pressure on the bearings of the shaft, the arc 
of admission should be divided into two equal portions, that are 
diametrically opposite. Some builders, however, prefer to 
ignore this effect, and concentrate the admission at one side, 
because there is tendency for the steam to spread which will have 
double the effect if the arc is divided as suggested. The amount 
of side thrust can be estimated from the powers developed at' 
the several wheels, having partial admission, together with the 
dimensions and speed of revolutions, making allowance of course 
for the distribution of the torque over an arc of a circle. 
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|^«itt« a^ai Viteeitf Cowtpottadlftf. — A fawraWe cotutu 
tioa may 1* in«!r «f the lw« mnIwMb irf corojitniacling 
dkt«s«!: «h.>t fak. »tir |»rr»surr and irm|M’falnrr ran^r tt^y 
tji**id«! btiwwn iwu «»r m«tr ilwrotirfi* in rath <4 wlwli 
iw«i Of ihrrt’ »rt» t4 nwitini ^aWM. 'fhw I»{t« ^ 

larn** «lr wlih thr Curib lurWnr whkh a|i|«r« in havr a 
of ti;t«0»k:aS a|>|»llr4{l«n llwn any olhrr ivjk’. 

Sini'r tht jirim'i|ilrs «f ravh Oi<rih»»«l have Irrn ill , , 
alrt'ad)*, we wW ‘he aj»i4iiasi»»n «o a »«im|Miratii 

»lt«|ilr |ir»il»!rm ai-okliftM iw* Kwal minuliar >4 .Irusl 

la*! u* lake for ihi* j»rintijiir 8k«' drli^Tfy «4 joo t 

walls i4 rlnirk at rorffy, whk b. willi an rith irm y <4 iHp *1 (my 
«f alitiHt o.«j, wilt uirrri»j*i»n«t l«» nraity jjabfakr |»-. . 

iMt Ihc iniikl immmv Iw tv» by ihr gmm\ asi^| 

vacMWW be ill inrhw tif inrwary. Ln ibr *««!*• «< f-s" >. .i 
be It •* #0*. ‘fbe »t»*»tiilr nfirt^yrrt wilt ttr atwiil ift| 
ami one «i«»lijilr, ami ihr roi«|*m«4in« lrm|»t?fani 

are ioj*F- Ilrt «iu«ie4 »lr«w ai ibr gH*r« 

wllitwvrm-arly «.|C»ttni!*«4rnif»|*y.»n»tf«f «W%ihrirm|»*-- a .%<«: 
enlroiiy lalilr iivw for atlwtiaii* r«|M«.sioii »iilt ibr aiwiva- Hi 
of irtnjwwiMre ihe bra* rsaairw* a* im.t and Ihir wi 
of % b 79 al Ibr bwrr irwfwralMrr. amt 
li «|ii»{ lo 801 ».T,iJ. 

Thr Ihrrmat cffirirwcf wf atifalwlk r*|«»»i»»o wiihiml «tl*»n 
lor Ml t» 


'‘».i 

ihr rorrrtjicMwIioM ltr*i i* 

4l,,|i *■ ii,M$ « i4f mi.i*. 

|Mrf h«rK-{»wrr pw winutf. 

Th* eftckocy for Ibr lurWnr wiihoMi Ifkiwm 

It |»«e 481 b 

# • tm* «t * o.Wj. 

The eflfcicory of the ha» airwiiy t»r« iMrrmjW!-’'*' a 

0J5 by the? idecilM of o.if fwi y> i*<'i fynbef #*»!***►*' 
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the combined effect of losses in the vanes may be taken to be 
equivalent to making equal to 25 so that i — y, is 0.75; this 
is in effect the efhciency factor for the vanes as affected by friction. 
If, further, we take the mechanical efi&ciency of the machine as 
0.9, then the combined efficiency for the turbine will be 

0.285 X 0.883 X 0.85 X 0.75 X 0.9 = 0.144. 

This corresponds to 

42.42 -i- 0.144 = 295 B.T.U. 

per horse-power per minute. Now it costs to make steam from 
water at 102°, and at an absolute pressure of 165 pounds, 1123 
(fj -b — ?j) thermal units, as already calculated in the deduc- 
tion of the efficiency of adiabatic action. Consequently the steam 
per horse-power per hour will be 

29s X 60 -5- 1123 = 15.7 

pounds per brake horse-power per hour. To this should properly 
be added a fraction, to allow for leakage and radiation, amounting, 
to five or ten per cent; this added amount of steam will affect 
the size of the high pressure nozzles only in this case, and as 
extra nozzles are sure to be provided we will take no further 
account of it than to say that the steam consumption may amount 
to 16.5 to 47.3 pounds per brake horse-power per hour. 

The heat contents which have already been found give for the 
adiabatic available heat 

1 193 - 871 = 322, 

and if this be divided equally we have 161 thermal units per 
stage. Using 0.15 for y in the nozzles, the velocity of the jet 

becomes 

V =^2 X 32.2 X 778 X 161 X0.8S =2610 

feet per second. 

Assuming that we may use three sets of moving vanes the 
velocity fpr them will be 

2610 (2 X 3) = 435 
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If wf rhmwr a tIiaiHrirr itt 4| for !h«- fiiirh •►iirf.ui* of the 
wnfs it witi t« ‘t**’ rrvoJuUoft** |*rr minute. 

T*» find ihf intrrrK»**lM!« |»r«‘i«ri* wr !«4)i lake for the hat 
contents at that preaiurc 

||(>J -- !ft« * IO..P. 

which in the temjrratnrr enirojiy taMr rorrr^p^mnh to af p,, 
or *8,1 jwmmh. Simv the Im* k |trr>w«fr f«*r iltr fiiW4l« m rek' 
livdy *mall in rath rav, thr !««<!»'•» will have ihrtwiA for which 
ihr Wimiii» mi«*i f* deirrmlnwl in «f«frr to linti the irea*. 
The thrwi.t {ir«*tirf» may he taken !«» I:«? 

iti 5 -K o.|« - »«.&; * 8 .* '*■ 

»ii*l the corw8fn*nthn« irniiJrraiMfw are .p^** amt *»pi^ P. 

Sinre ihr rountfing of thr miwlr i» hkrly to glw but 
area for frStimn rontj«r«t! with iltr t«»or for raiwmlin* to the 
bai'fe'Iirmurr, we tmy «**«!» ailktwiii i« ihr ihri«t 

«ntl alltiw ihr entire eatwe «f y •« o.*s f«»r ihe r«ifn|»«H*ii*ia ftwr 
the exit. Thi** l«i agrw with i«t« »ltowini that wtrh 

0<»«}w give nearly fwli Ihrorellrai dkrlwfgse. Tlw hiat wnlents 
by thr iem|*rraiMm’Rirojif i<Ur *i enini|iy i.jh »«4 JI 4 ®P. 
nnwmnt# to 1*4*# n't.if,, thr ^alne «4 .r is o.#»4 ami the 
vohtmr h 4.45 enbif frrt. Thr »|ii|wrrol awiikbh' hett k 

tt»IJ *“**«*• 44 »*f*M*. 

giving * thrr«t vchxity trf 

F • %/a X j».*' n 71 * X 44 •* » 4 tte. 

Thr a|if««.rent avaikMe hrwi f«f |ifndu*i«g vrhwity *i «*h 
with y lakrn at 0.1 f k 

oJ| X t6t « 1 41 
faiving for the availaWe b«i 

i» 9 J - » 3 ? * lOjhM.IJ. 

The bwt of the liquhl It 191 to that with §§9 tm r w# haw 
jF • yr* *’ r* » (105b - tfil ♦ 9|o •» ©.foa. 
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The specific volume is 

v= (xu + O') = 0.902 (21.6 — 0.016) + 0.016 = 19.5. 

With 15.7 pounds of steam per brake horse-power per hour 
and 770 horse-power the steam per second is 

•w = 15.7 X 770 -J- 3600 = 3.36 pounds. 

The combined area of discharge of all the first stage nozzles 
is therefore, with the velocity at exit equal to 2610 feet, 

3.36 X 19.5 X 144 2610 = 3.62 square inches. 

The nozzles of turbines of this type are sometimes made square 
at the exit so as to give a continuous sheet of steam to act on the 
vanes. If the side of such a nozzle were made half an inch 
there would appear to be fourteen and a half such nozzles; the 
turbines would probably be given 16 or 18 of them, which could 
be arranged in two groups. Since the angle of the nozzle is 20° 
the width of the jet measured along the perimeter of the wheel 
will be 

0.5 sin 20° = 0.5 0.3420 = 1.46 inch. 

Allowing one-fourth of the width of the orifice for the thickness 
of the walls, the width occupied by eight nozzles would be 

1.46 X 1.25 X 8 = I 4 i inches. 

The combined throat area of all the nozzles will be 
3.36 X 4.4s X 144 - 5 - 1480 = 1.41 square inch. 
Dividing by 14^, the number of necessary nozzles, gives for 

the throat area of one nozzle 

1.41 -H 14.5 = 0.0972 square inch, 

so that the diameter will be about 0.35 of an inch. 

A method of calculation for the second set of nozzles consistent 
with the method of determining the intermediate pressure is as 
follows: The pressure in the throat has already been found to 
be 10.6 pounds, corresponding to 196°?., for which the tem- 
perature-entropy table at 1.56 units of entropy gives for heat 
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content* q#. The heal conienis at iS.a poiiml* (aaj) has 
aireatly been fotwid to In- toj», m that ihc available heal fcr 
ailwlmtk flow af*|**ar» ic» br j4 n.r.f., whkh give* for the 
velocity in the threat 

r » s/r^S 3 .» X 77 * X J 4 ■* «jeo 

The next ste|* b ihr drirrminaiion t»f ihr ijMalitlw at the thrwit 
and fxlt, and froni ihrni the v*iiiitn«*». Now of the 

i6i »,T,o. svailaWr for adialsitk Ihiw in ihr fir'll noMlr* only 
a |mrl has acliially l»rrn rlwngwi inio work, tmanw ihrrr wm 
ttllowctl O.S5 for friction in thr and a, it, for hi*»r* in the 

guide* and v»nrs, while thr rfik irm y due !*« angle* and vclcclih^g 
wi» 0.S83. The hral tlwogrd Into work w»% therefore 

ifit X oJs X 0.75 K e.Wj « »^.r» n.f.t*. 

CoMequcntly lh« heat left to the iiram «• ii «|i}»f«c!w» the 
temnd ^aoiA ii 
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that the quality h 

A' » C«*0^ - *IS*I -o.* 4 S©. 

If the low lfo» the tniraitc# iii 1.I10 ihwial 34 i.T.11, m 
ttwwmrd to he ehanprd into hinrifc r»ft^ ir#vi«g for 

Af + f w I i©i « 14 •• 

and mrk e*n»l to qyit and f k ifi4 «i F,, we haw 
jf «• - 164I * «• oq»5 

at the throat t 4 thr w«wd rwaak. 

Alfowlnn m licfore 0.15 for the frkikin of the there will 

be 

0.S5 X 161 • IJI M.ll. 

changed into kinriir rnrrgy for tir rnilre no^Je Irailng 

AT + f •» HO* - iJI » #§ 

ami at i i«uodl or to** F., the vafor* of r ami f mr raij and |© 

* - C.#S “ 70) ♦ m3 - o.Ss® 


:# yll 


: ^ iimmm 


PRESSURE AND VELOCITY COMPOUNDING 


SIX 


at exit from the second set of nozzles. The volume of saturated 
steam at 102° is 335 cubic feet, and with x equal to 0.858 the 
specific volume is 288 cubic feet. Consequently, with a weight of 
3.36 pounds per second, and a velocity of 2610 feet, the united 
areas of all the nozzles at exit will be 

3.36 X 288 X 144 2610 == 53.4 square inches. 

Now the perimeter of a circle having a diameter of 4^ feet is 
about 170 inches. Allowing for the sine of the angle 20° and 
one-fourth for thickness of guides there will be about 43.5 inches 
for the united width of passages between guides so that the 
radial length will be 

53.4 43.5 - 1.23 inch. 

The specific volume of saturated steam at' 197° is 35,5 cubic 
feet, so that with x equal to 0,925 the specific volume is 32.9. 
Now the areas are proportional to the specific volumes and 
inversely as the velocities, consequently the length of guides at the 
throat is 


1300 288 


= 0.29 inch. 


The length of the vanes and guides can be found by the method 
on page 500, using relative velocities for the vanes and absolute 
velocities for the guides. The velocities decrease as indicated 
by Fig. 107, page 487, and the lengths must be correspondingly 
increased. In this case, however, there are two considerations 
which influences the lengths that should be finally assigned to the 
guides and vanes, (i) The thickness may be diminished, which 
tends to decrease the length. (2) Friction reduces the velocity 
which tends to increase the length. Friction of course diminishes 
all velocities including the peripheral velocity of the wheel, but a 
proper discussion of that matter would be both long and uncertain. 

Attention has already been called to the defect of this method 
of making all the calculations at a single value of entropy and 
trying to allow for friction and other losses by simple factors • 
The difficulty is aggravated in this case by the fact that the 
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second set of nozzles or guides have proper throats. The proper 
method after having selected a set of intermediate pressures 
appears to be to calculate the turbine step by step. The steam 
supplied to the second set of nozzles (or guides) has been found 
to have the quality 0.950, and this is probably a good approxima- 
tion to the actual condition, even if allowance is made for radi- 
ation and leakage. The temperature-entropy table gives for 
steam having that quality and the temperature 223, the 
entropy as nearly 1.66. At that entropy the heat contents at 
the initial, throat and exit pressures, are given in the following 
table with also the quality and specific volume at the throat; 
the table also gives the quality and specific volumes at exit with 
y equal to 0.15. 


Pressure. 

Temperature. 

Heat contents. Quality. 

Specific volume. 

18,2 

223 

IIOO 0,95 

. . . 

10.6 

196 

1063 0.92 

32-7 

1 .0 

102 

927 0.85 

245 


The apparent available heat for adiabatic flow to the throat 
is now 

iioi — 1063 == 37, 
which would give a velocity of 

F = ^2 X 32.2 X 778 X 37 = 1360, 

instead of 1280 as previously found. The apparent available 
heat to the exit with 0.15 for the friction factor is now 

(iioi - 927) 0.85 = 147, 
which gives for the exit velocity ’ 

F = V2 X 32.2 X 778 X 147 = 2710, 

instead of 2610 previously computed. 

This comparison shows that the intermediate pressure deter- 
mined by the customary method will be too high, and that to 
obtain the desired distribution of temperature the factors for 
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the lower stages must be modified arbitrarily as may be deter- 
min«l by comimrison with practice. 

Curti* Turbiaa. — Fig. 1 14 shows a partial elevation and section 
of the ewnlial features of a Curtis turbine, which has four 
chamliers and two sets sjf moving vanes in each chamber. The 
axis j«f the turbine a vertical which demands an end bearing, 
the diflieultiM of which construction appear to have been met by 
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pumping oil uwler pri^ure into the bearing, so that jliere is 
mmuUe lukkation without contact of metal on metal. The 
tondcoicr k plarwl dlratly under the turbine, and the electric- 
tfrncralnr k almve m & continuation of the shaft. The arrange- 
numi m^r* «*» »»«-* convenient, and in particular to demand 

iCMlt floor s{»ce only. 1. r« f„..v.5nA iifl« « 

\¥hea for marine propukion the Curtis turbine has a 

toriaonttl thafl from nec^ity, and has a large number of st g . 
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A turbine developing 8000 horse-power has seven pressure 
stages, each of which but the first has three velocity stages, that 
one has four velocity stages. The diameter is ten feet and 
the peripheral velocity is 180 feet per second. 

Tests on Curtis Turbines. — The following tables give tests 
on two Curtis turbines, having two and four pressure stages, 
respectively; both were made by students at the Massachusetts 
Institute of Technology, 


TESTS ON A TWO-STAGE CURTIS TURBINE. 
Darling and Cooper.* 


Duration minutes 

120 

120 

120 

120 60 

Throttle pressure gauge 

146.3 

145-3 

143-2 

143*9 149-3 

Throttle temperature F 

512 

520 

464 

$02 512 

Barometer inches . 

29.8 

29.9 

29,9 

29.9 30.0 

Exhaust pressure absolute pounds . . 

0,82 

0.79 

0.92 

0.84 0.8; 

Load kilowatts 

161.4 

2 SS -7 

374-0 

S12.9 731-9 

Steam per kilowatt hour, pounds . . 

21.98 

19.63 

19.98 

18.43 17.75 

Thermal units kilowatt minute . . . 

440 

396 

392 

369 357 


If the efficiency of the dynamo is taken at 0.9 and one kilowatt 
is rated as 1.34 horse-power, the steam and heat consumptions 
per brake horse-power are, for the best result, 

1 1.8 pounds 239 B.T.u. 

TESTS ON A FOUR-STAGE CURTIS TURBINE 
Coe and TRASK.f 


Duration minutes 

Boiler pressure, pounds 

Vacuum inches 

Load kilowatts \ . 

Steam per kilowatt hour pounds 
Thermal units per kilowatt (minute) 


60 

60 

60 

180 

120 

152 

149,6 

152-1 

150 

150.4 

28.5 

28.2 

28.8 

28.4 

28,3 

282 

380 

523 

562 

788 

21.4 

20.3 

r8.8 

19-5 

19*3 

394 

370 

352 

360 

357 



* Thesis, M. I. T., 1905. 
t Thesis, M. L T, 1906. 
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Taking the efficiemy «f the dyaatno as 0.9 and a kilowatt as 
1.34 ham* the l)«»l result b equivalent to a steam con- 

sumption of 13.6 {xjumb anti a heat consumption of 237 thermal 
units. 

RtMction Turbim^. — The mential feature of a reaction 
turbine is a fall of preaurt? anti a consequent increase of veloc- 
ity in t!w psiwmgws among the vanes of the turbine. Since 
such wht’rli ftnnmttnly are affected by impulse also they are 
gometimra t alhrtl impulse reaelbn wheels, but if properly under- 
stiMnl the shorter name nmtl not lead to confusion. In conse- 
tjuenre t*f the ftature namol the 
relative exit velw iiy is greater 
than k,. Another rontteipicnce ts 
that strum leaks }«rt the ends ^ ” | 

of the van« which are usually -i g ■I " 
open, anti there is ubo leakage ;§ 

|»ts{ the mner rntb of the guides ^ 

which are alw iijarn; ihb featurt* L ' 

b shown hy Fig. 115. 

I'he rrarlkin turbine i» always Jj ‘ 

made comjwuwl with a large 
numlier of »tagr», one set of guide* 

*ml the folUiwing *et of vanes 
being tounleil a* a stage. In 1 

coni^juence the exit prewure either fio. nj. 

from the guklw or the vanes k 

only a illtic !« than the entrance pressure, and the passages 
are all converging. 

There is no attempt to avoid axial thrust, and therefore the 
exit angle if from thtf vanes may be made small; it is commonly 
eriuat to the exit angle « from the guldra. A common value 
for these angle* h ao*. 

The gubiea and vanes follow alternately in close succession 
leaving only the nWiWsary clearance; the kinetic energy due to 
the alMoluie exit veUadly from a |^ven set of van^ is not lost but 
Is tvaUftble In the next set of guides. The turbines are usually 




ftHc lf|. 







tmtlr in two or throe swTiiow shown l»y Fif. hj, pp j 

\ rtOil it is only *»» ihr rml *4 « tlwt ilw iimek rnrr^ t(u« | 

! U» ihr al»Miiulr rsll vrkciiy Is fr|ntr4. 4i Ihr rn«| iif a wcibn j 

» fh» kinelir rtiergy h ilwngwl inlw hr At 4»l is in « waiiRfr 

avaikblr for ihr orstl wtlhm; ai thr rtiil *4 ihr lurWnr il i* af 
tounv wa»i«l. Sinrr ihrrr ah usiMliy »♦*«>■ or nwe 

Ihr inrtuemr ui llir kinrlk enrft) rr|«lr«l k liki-ly !« lw> lej» 
ttian live i^r tr«t »n<l ii «»mv |»f«»|trrl) I* with the 

grnrral fatior i«» allow h*r Iriition «n»l |wi%i ihrencfeof | 

f' Ihr gwklc* ami %'inr-*. Ihith inil«rm« r«lii»r ihr ihanp 

of h«i }0I« work «|»|4lr*} ir» ihr lurl.inr ami imrmm the I 

i-" value of the tjualily .% ami «fo> of !hr s|.r» $ht %uhnnr «f ihe ' 

[ Oiixturr of ^twm ami i 

Siftte the r*ll aMulr vehain ffow ihr %»»«•■» k a|»|»lirii to 
drivinii the *!««» into the m**! «ri «l gunlc*, shrtr » m dirert 
atlviWige to avoUiOR vrliwitf «4 «lMfl al iht® |*l#«e, i! » »«i| J 
?' ■■ nefewaff to tlve ik* g«y« ilie angle «i rnirance to ' 

; rwrrive the tlrani. Imllrwllf il i® *li«4vsi«lagwitt» to Iww a 

; high veltiriiy at ihr miwfirr to itw gwhir*. «f, for tlwl tmner, to 

I., any imrt «f the torhinr. m ihr hU'imm k itrnimhk ptninmkml 

iJ, to the MiMarr *4 ihr trhttily m to* tw» m the ttie trf 

|fv Ibe frk’li<»ti farit>r y. ■ I 

I" The «lr#tn rntm a m 4 of ptldr* «iih « iriiain tfrlmtliy, l.t,, 

I the «iil ftl»»lwte wkwiif frwiii iiir |«w«lto8 mi *4 «»«. 

Ji;; Oft trtouas of the «»f |»wmttw to ito 8tii4» * irrtain iiwwat 

Jfe" of heal I* rha»i«l lititt llirtk tiwii *ml ihr r«|48i%«lmi 11 

Hi;';, of vrltK’iiy iiwy to »iW«l Iw Ito rnif*«r vrtoily lo fimi the ; 

Iff; rxli vpl««1ty «hiih i* «f r«i«fw m ai**l»ilr vetoiiy. Thb fctom . 

11'.' totr velwiiy tointiinni with ihr whtfiiy *4 ihr Wa*l«« |dw* Ibe 

If rrlaliw rnifawe vrlm-ily l»» ibr «aiir». *l*o ihi* rnlfwwe wk** 

I liy to |« to* «dd«| ito gain *is vrto ilf dwr to itonfr *4 hr»! into 

I klftplk rnergv in ihr vaftnrs, in Mfilrr lo liml «lr irktlvr wit | 

vrliKlly, Thr ralki of thr to«l iB Ito %«««•'» i»« ili*l i»«i 
to ito enllrr rtap" to sallol ihr ilegfre «4 rradtofi- | 

thr deffwr *4 rwtibin to oBc-hAlf, iliiii to, ito iismiwni *4 to»l 
ii»CfJ to ihe va«r» I# «}iwl In iImi u»r*i m ihr gwtorsi «ftd 
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the gain of velocity in the vanes is equal to the gain in the 
guides. 

In Fig. 1 16 let be the velocity of the steam leaving the 
guides and V the velocity of the vanes; then is the relative 
velocity of the steam entering the vanes. is the relative exit 
velocity which is greater than on account of the change of 
heat into work, 74 is the absolute exit velocity from the vanes 
with which the steam enters the next set of guides. If the con- 
ditions for successive stages are the same, 74 is also equal to the 
entrance velocity to the set of guides of the stage under discussion, 
and if ce is laid off at ac' then c'b is the gain of velocity in the 


guides. Consequently to construct 7 g we may lay off ce' equal 
to ac and e'd equal to c'b. Now a and 7 are commonly made equal, 
and therefore the triangles abc and cde are equal. Consequently 
the angle S for the entrance to the guides is equal to /? at the 
entrance to the vanes. In fact the guides and vanes have the 
same form. 

Choice of Conditions. — The foregoing discussion shows that 
the designer is given a wider latitude in his choice of conditions 
for the compound reaction turbines than appeared possible 
for impulse turbines, though if the restriction of no axial thrust 
were removed from the latter the comparison would be quite 
different. 








5 ‘» 

Thr «»»»* aalrllM'nl «»f ihr I*»rfrfrtl4<* rowlilfoiw 

in imKiivr <t»f rraciwn Wfhinr* «4 itir IH** » 

in « jMpr ht Ut. E. *4 ihr infor- 

TOiibn In Ihr bawl* «C tli*- »*» ?««! And 

foilly rsprtimfni*. mmh rriitrnt** i* wWrvr*! friartling ihek 
j>Ml4fcftilt»n.” The utoirnrni «4 |«3»cikal ct»(twliiw»n* I* Ihrrete 
bg,*wl on *iifh infofwalMtfi a* can !**• glcanwl ffow Istt |wpisp, 
with obvIoMi* a|*|»lk«tk»R* % *mUmt} mriti,**b FarlMW f<» 
frittkin anil IrakaBr arr kfgi-H* «**»«)« lufal, a* n*u»i in fact |j« 
Ihn €»m at i'*ri^nl for all Utrlon*^, and t«r «»ir mf 

prrhfl|» Iw hoMtal S«» «!»»«« ^tMdni! ao ».lr4 .4 thr nature of 

the firohlrw^. 

The ratio of thr wkwitf «4 thr i»< ihr %*•!<» iif *4 the 
straw lw« mtml in iMrlnne* Innh th** l’ar«*n» 

from o.*| to o.Ss. In irnrra! ilw rait** I* tahrn «-* oA. 

Tb(m'*lMrl>i«« «fr lunMlIy bait* m%h s«««* «r ihirr tltonrtm 
of the wwlvins cylto*l« a* m I*'*!, nj. The 

Wfowlng l«Mr* give ihr firaiike »4 tha* «iih frpwl 

to lattphctal »|a’«i *ml wimhrt «f tiagci*. 

Tl’KWXI^ l.t.l'r'ffcl* \t 
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PARSONS TURBINE -MARINE WORK. 


Tf pi 


fllf Is aiil mmmm . , 

CliiastI ii#as»?« , , . , , , 

Si«aII rml^fi 
Torpwltit cri^i 


:ptri# 

d«ul. 

Ratio of 
velocities, 
vaftM to 
8toam« 

Number 

of 

shafts. 


110-130 

0.45-0.5 

4 



0.47-0.5 

3-4 


110-150 

0.37-0.47 

3 


m-ns 

0.48-0.58 

4 


130*160 

0.47-O-S 

3“^ 


i6o»3to 

0.47-0.51 

3"4 


Thcf W«iii»ibo«sp Ojmfmny have nmd much higher veloc- 
lt{« cif vmn« for pt«tri«it work than given in the above tables; 
m much as 170 f«*t pr second for the smallest cylinder and 
37*; for the krgwt cyiintltT. 

The blade bright should bt* at least three per cent of the 
diameter <if the cylinder In order to avoid excessive leakage 
over the tlf». Mr. S}R?skman mys that leakage over the tips 
of the Wades l» {>erha{» not m detrimental on account of actual 
kwM by leakage m liecause it ufjsets calculatiotts regarding 
by Inrrwaing the steam volume. 
l‘he following equation represents Mr. Speakraan’s diagram 
for deamoces over ii|)« of woa, 


dwmnce In 
lochas 


«* 0.01 + 0.008 dkm. .In feet. 


The pmportiona of bladit may . be taken from the following 
table; 

PIOPOETIONS or BLADES— WCTM. 


iIMt 

WiXb 

AaW ckmtM* 


! t 3 4 ISIS t© |« .IS 18 [ai 14 

il'i i il'll'i ’ll i t I 


% 


Mr. ParaoM* glv« for the efScltncy of the staam in the 
turbine blid:« thea^lwa 0.70 to 0.80. 

♦ ImM. ip|* 




I»TKA« TV»iWJ«'W 




m 





^''a 


!n 8*lilii«»n !»• tht* l**i ihr liiw «! ihr bkdts wh 

ctnnol In iJraciicte Iw wfiaralwl In »l* r(l«i» Criiw frkii 
litrrr k llkriy 5»i Iw* « i*»n»«lrwWe Ir^kusr |«^l sh** t«k: 
}»biiin,< whkii will Iw tkmrik^l to rininwiton wiih Rm- i 
T hii. f«kagr k m llir foil tlirwi to ihr «n4 noacto 

R«ti te lakrn erf it to iht* tl»»ps trf «Hr blaiting «rf iHp lurW 
hilt allowiwc »to»«W «w*lc to tnwprtog ih«?*»rrti.‘«! r«ki 
titmh witb fwwli^ *rf !»»»' 

ttt*i«ii f«r A Utmctim Tarfcto#. ' ■ tn m ukr Ut tiw priori 
ifir ifrlivrry trf %m lihiwalH «»! ritt irw *i mrrty. »l 
»l$h an rffitlrory «rf ih** i!yn*m<* «4 atomi o«i wtii u»rr«p 
to itrakc harw jwwrf, m fur »l»r < aU »»n 

lh<? inilkl pf»»utf lir » S'® |«ooil* t»y ih** «tirf tto wrt 

be aS iorliw. Tbr |irf»*«r« rnrt«|»«»rwtto* »» 

ponmb nwl ««*• Mi ft»r irw|»er»inrr» ate 

ioa* R Tti^ rafe-wlailiio rwlrffwl In ii’fw tot ito* ihwi 
e®r'iriKy «f tdiatottfc 4 rlfc»« o.aSj. *hkh r»rf«|»««|* 
149 o.t.'tJ. iwr |*t mtomr. II m alkiw oM 

ih» iwrlitor rin'toniy. sn 4 too troi tor Irslsge im ihr^i 
ilriwr anil wilfaiton, *«il tokr «.9 fr»r ihr wr« tMfiir«l 
wc »l»ll lw%» for llto I'Miotitowl rfcimry »rf thr iwiWir 

o,ji$ K « J© K o# X <1 »i - » » If 

Tbbi wlU giw fc*r itto h«t »*! i;«*»nwinik« |«f iw 
l»w«, i4| fxittoil* fw Iwttf niri m wtoMit. t 

are tn l» rttwp*'*^ fwolt# <4 i«*i» n* ulrrirroiiit wIm 
tile tmnmii >»ft* 

Rir Ibr wiiiMtr «l itir «rlgl»l id lAmm t« S* «•«! to I 
mining lltr dimrnikm® «rf ihr iwWor wr *li»mkl nmk tfo? ft 
fenf Iwkap la r*«*k«»ct »«l rmlkiftm, *l»kh **ll giw fa 
Mc#nj jirf hitiwt^wf furi li«or 14-1 'ftir wrl^ 

*l«iw per m'ttWfl to to* to e'i»»|3«itoi itei 

»» • 14,1 X IP ♦ j6e© • j.if 

ifcf fwripltoral ifiwrf td ifcw wwilkwi l» iilM 

99 $ f€«t |*t «i«r»»ii 4 , awl IpI liw ji»lrfi»r«li*to «ml foW'|»*l 
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cyiiisdcrs lie i| and a| times the diameter of the small cylinders. 
Let the peripheral speed be 0.75 of the steam velocity, then the 
latter will Ik? joo feet per second. If the exit angles for guides 
and mn« be taken as 2o« and if the degree of reaction is 0.5, 
the velocitlft and angles will be repraented by Fig. 116, page 
517. la that figure 

f 6 • F, cos 30 ® ■» 0.940 Fj ; 
and as F is 0.75 V^t 

we have gc « (0.940 - 0.75) V^ » 0.190 Fj. 

But ag •» F, sin 20® — 0.342 Fj) 

and tan ft * 0.34a #• 0.190 - 1.800 .*. ft - 61®. 

The angle ft is given to the backs of the blades, and the angle at 
the fac t* i» Mitnewhat larger, m wilt appear by Fig. 115, page 515 ; 
la coast?tpieace there is #orae Impulse at the entrance to the vanes. 
To pt the relative velocity we have 

F/ « + gc* - (0.34? + 0.19?) Vft 

- 0-393 

But it in shown on page 517 that for the conditions choam the 
imfmse of velocity in either guides or vanes ia equal to 

F, — Fj •» (1 — 0.393) F, «• 0.608 X 300 I® i8a 

feet per lecwl. 

Now ih* «|u»ttea for velocity when h thermal uniia are avail- 
able k 

¥ X 33.9 X 778A, 
and coB wstif _ 

k - ria* (*44 X 778) *- o.66t 8.T.U. 

This Is the amount with allowance for friction and leakage 
past the cncib of the blades which has been aaaigaed the factor 
0.6, io tltti for the preliminary adiabatic computation we may 
take for one « of blade* 

oMt + 0.6 • 1.1 I.T.U., 


, I ■ I rf.h.,dd«diiiiia^iiii^ 
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STEAM-TURBINES 


anH for a stage, consisting of a set of guides and vanes, we may 
take for the basis of the determination of the proper number of 
stages 2.2 B.T.u. per pound of steam used. 

It appears on page 507 that adiabatic expansion from 165 
pounds absolute to one pound absolute gives 322 thermal units 
for the available heat. If this is to be distributed to the stages 
of a turbine with 2.2 units per stage, then the total number of 
stages will be 

322 4- 2.2 = 146 

stages- This is under the assumption that the turbine has a 
uniform diameter of rotor with 225 feet for the velocity of the 
vanes; we have, however, taken the intermediate diameter 
times the high-pressure and the low-pressure 2^ times. The 
peripheral velocities will have the same ratios, and the amounts 
of available heat per stage will be proportional to the squares of 
those ratios, namely, 2.25 and 6.25. Consequently the amounts 
of heat assigned per stage will be as follows: 

High-pressure Intermediate Low-pressure. 

2.2 4-95 ^3-75 

If we decide to use ten low-pressures and twenty intermediate 
stages they will require 

10 X 13.75 + 20 X 4-95 = 236-5 B.T.U., 

leaving 85.5 thermal units which will require somewhat less 
tVian 39 stages. Reversing the operation it appears that one 
distribution calls for 

10 X 13.75 -H 20 X 4-9S + 39 X 2.2 = 322 B.T.u. 

For convenience of manufacture it is customa^ry to make 
several stages identical, that is, with the same length of blades, 
clearances, etc.; this of course will derange the velocities to some 
extent and interfere with the realization of the best economy. 
That part of the cylinder which has the same length of blades 
is known technically as a barrel. Let there be three barrels for 
each cylinder, making nine in all, which may be conveniently 
numbered, beginning at the high-pressure end and may have 
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the number of siagtts assigned above. In that table is given also 
the number of the .stage counting from the high-pressure end, 
which is at or near the middle of the length of the barrel, for 
which calculations will be made. The values of the heat con- 
tents .rr 4 q are readily found for each stage given in the table 
by subtracting the amounts of heal changed into kinetic energy, 
down to that stage, allowing a.a for each stage of the high- 

ftlMPOrNl) REACTION TURBINE. 


1| 111 

r # I 


# Ilf u 


1 StilM 
f I fill 

1 1^01 IH4 
I ^ I 

mu mt# 
iwi to 


,«|0 


SI O.pa 
aB Q,BiO 
S 7 0.540 
9 0.850 

I 

5 9.994 

4.^73 


1 ! 
j; 

, /!ii 

' ’ -'''i 




procure cylinder, 4*b5 f«r each intermediate stage and 13.75 for 
each low-’prcwure stage. For example, the fiftieth stage has 
its heat contents found by subtracting from the initial heat con- 
tents 1193, the amount 

3U X a,3 + II X 4.9s “ 140.3, 

leaving for the heat contents after that stage 1053 thermal units. 
The probable heat contents allowing for friction and leakage is 
found by subtracUng the product of the above quantity by the , 
factor 0.6, Giving 

1 193 — 138 X 0.6 -• 1109 B.T.U. 

Having the values ui x*r + q obtained in this way, the values of 
X* can be found by subtracting the heat of the hquid j, and 
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dividing the renalndcr by r. FinaHy the wluma art J 

computet by the equation 

V « 4 - ?: 

but in pmrtkc «■ may iw nt^hvtetl giving ; 

0 » .V^S ‘‘ 

because wc have either x nearly «jt«l to untlv nr else f will be '' 
larger romj»rc;l with «f. >1 

The steam vriwily for the Imt rylindrr k jn*j fret per secondi 
the weight i»f strnro j»rr furond i« .4.15 fMiuruli* and the spwlfc 
voUifne »t the »rvrnih stage, I.e.. the roiddlr of the {if»| barrel, 
it j.ay cubic fret. The etfer’tivp arra wm*! therefore be 

wv t.i% M. 't.35 . , 

a •» 144 tt *“ Ml ^ J— • •’ *« -*> square tnrhes, 

^ r ^ 3«> ■ 

To thw tnusl \m ad»l«l t frartion of onr-ihird or onr.fourth tn 
ftllaw f«r the thkknws of the bkdrs, and the rriult must bo ^ 
dividttl by sine « in order It* lind the ar« of ihr jOTipbrral 
ring through whkit the siestn will flow. Taking «»nr-foufth i 
liir the frartioft in this rasr, ami 10* for «, wr haw ■; 

» |g,i wiiwrr in»h«. 

o..|4^ X 4 

It b rrtonimriwied that thr height of the t»k 4 « sfwll be ©.03 . 
of the dkittrtnr, wHkh glw* for the r*pr«*i«fi for the iieriphml j 
ring 

oAj «# li.i. «:>| 

J «» v*}g.i .♦ *- 11J4 liHhr». 3:1 

^ vl 

*rhr dknwlrrs of the tniernipdiasr and |j*w.|»r«*wufr cyltmleti j 

will l» 1 

■'■'"'I 

d, ijJs X i.$ « mji In.; d, «• n.% x i| ■«» 14 As ta. I 
The luagih «»f blade at ihr wwnth *i»gr will Iw ,:«l| 


0.0J X tj.lts - ©.413 
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and this length will be assigned to all the blades of the first 
barrel. The blades of the second and third barrels will have 
their lengths increased in proportion to the specific volumes at the 
middle of those barrels, as set down in the table. The effect ' 
of increasing the diameters of the intermediate and low-pres- 
sure cylinders is to increase the steam velocity, and the peripheral 
length of the steam passage, both in proportion to the diameter. 
Consequently the lengths of the blades for these cylinders are 
directly proportional to the proper specific volumes and inversely 
proportional to the squares of the diameters. Thus the length 
of the blade# at the forty-second stage, i.e., the middle of the 
fourth barrel Is 

o.S3a inch. 

3-37 X i.S 

The lengths art^ eora[mted for the other barrels in the same way, 
u»ing 3.5 for the ratio of the low-pressure diameter. 

Since the diameter of the small cylinder is 13.85 inches and 
the spc-fctl of the vanes on it is aas feet per second, the revolutions 
per minute are 

22S..X..60....X.. 1.3 _ 

13.85 K ' 

Parsom Toittat. — The mcnikl features of the Parsons 
turbine are shown by Fig. 117. Steam is adndtted at A and 
psmm in sucemion through the stage# on the high-pressure 
cylinder, am! thence through the passage at E to the stages of 
the Intcrnmilate cylinder; after imssing through the intermediate 
stagw It pa»M through G to the low-pressure stages and finally 
by B to the condenser. 

The aidal thrust is counterbalanced by the dummy cylinders, 
C, C, C, the first receiving steam from the supply directly, the 
aot;ond from the passage between the high and intermediate 
cylindere through the pipe F, and the third through the pipe near 
G from the passaip? between the intermediate and low-pressure 
cylindere. Leakage past the dummy cylinders is checked by laby- 
rinth packing, which k variously arranged to give a succession 








of *|ma» ihmugli which ihc rtimm m(n«i ium »iih oairinv 
u^m, which throillr ihc *!«»« a* il |s«*!ic» Irwni rhambur to 
chamlwr. Onr iiw*th»«l i* i« In mtam airlji* »»| l>ra» iaito 
ihv sMffacc of iht rylimlrr amt into ihr wrfate of thr rtnej 
ihtiic »lri|«4 «fr to lra%T a trry ‘•wwll acini rlcarsnc^, 

» that ihr strum m sirimgly throtilr*! m it through. It 

ii rp}»«»rt«l that ihr liibyrinih rl«,r4m.'p m rniirely iyecrmful in 
miming ihr Irakags' }»a*i ihr ryllnrtrr lit « snwili asmtuni. 

It to {winiwl out lit Mr. |mk ilwt itn? nt««i rffwtiicr ihriiltltng 
is ai iHf t«t MTikm of ihr lubyrinih, amt that the «thrr miioiw 
arr wm|SiMli«yty Itneikk'ni. Thk frmittfr will h- rrWeni if m 
i* mMcir tt» rah'ttlatr ihr h»« liy a|»| 4 fcalloii of 

Ritnklor'* |»fe 449. Ilf tmfw ^uch a mrthotl f»a bo 

but I'rMtir, arwl yrl II* imilralbm »h»»iil 4 Iw? «f valMu ft# wUiniltaf 
Irakitgr whlrh s.b«iMhl I*? uiitel!, 

Whm «|»}iliwl !«i tmi'inr iimpykinn ihr tluinmy jitettn# are 
omiltei a»4 ih» axki ihftisl k UM-fully ji|»|»|}«l la ilir j»!roj»llW‘ 
ihafi. SIncr an aii^tihitp hi,liio« r canm# iw ubialacti, a ibrwt* 
Iwaring k |irt»vhi«l but il may kmv tnwl! brarlog ««» am! wil 
fcww but iitik* frlrlkm. hiaifonttry lorbior* »!«♦ Itavt? a b«ring 
te fwiduttl ihfy»i. 
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Parsons turbine in Savannah was made under the direction of 
Mr. B. R. T. Collins and reported by Messrs. H. O. C. Isenberg 
and J. Lage,* which is interesting because the steam consumption 
of the auxiliary machines was determined separately. The 
data and results of tests on the turbine are given in the following 
table. 

The tests made at full load with varying degrees of vacuum 
show clearly the advantage obtained in this machine from a 
good vacuum, which amounted to a saving of 


28q — 27Q 
289 


0.035. 


TESTS ON WESTINGHOUSE-PARSONS TURBINE. 
Collins, Isenberg and Lage. 



i load. 

f load. 

Full load. 

li load. 

li load. 

Duration minutes ..... 

60 

60 

60 

60 

60 ‘ 

45 

45 

Steam pressures, gauge . . . 

131 

129 - 

128 

127 

128 

127 

125 

Vacuum inches 

28.1 

28.1 

25-7 

26.7 

28,0 

26.7 

26.6 

Revolutions per minute . . 

3616 

3601 

3602 

3612 

3562 

3540 

3537 

Load kilowatts 

Steam consumption, pounds 

260 

379 

493 

501 

499 

629 

733 ; 

per kilowatt-hour .... 

24,3 

21.2 

20. 7 

1 19.8 

19.7 

19.8 

20.2 

per electric h-p* per hour , 
Heat consumption b.t.xj. 

18. 1 

15.8 

15.6 

14.8 

14.7 

14.7 

I 5 -I 

per kilowatt-minute 

462 

403 

494 

375 

374 

373 

381 

per horse-power per minute 

345 

301 

289 

284 

279 

278 

283 


A great importance is attributed by turbine builders to obtaining 
a low vacuum, in many cases special air-pumps and other devices 
being used for that purpose. Unless discretion is shown both 
in the design and operation of this auxiliary machinery, its size 
and steam consumption is likely to be excessive, and what appears 
to be gained from the vacuum may be entirely illusory. 

* Thesis j M.I.T. 1906. 
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Crafts’s Short Course in Qualitative Chemical Analysis. (Schaeffer.). . .i2mo, i 50 

DanneeTs Electrochemistry. (Merriam.) i2mo, 125 

Dolezalek’s Theory of the Lead Accumulator (Storage Battery). (Von 

Ende.) ^50 

Drechsel’s Chemical Reactions. (Merrill.). i2mo, i 25 

Duhem’s Thermodynamics and Chemistry. (Burgess.) 8vo, 400 

Eissler’s Modern High Explosives 8vo, 4 00 

Effront’s Enzymes and their Applications. (Prescott.) 8vo, 3 00 

Erdmann’s Introduction to Chemical Preparations. (Dunlap.) i2mo, 1 2S 

Pischer’s Physiology of Alimentation ; • • • ^ 

Eletcher’s Practical Instructions in Quantitative Assaying with the Blowpipe. 

i2mo, morocco, i 50 

Bowler’s Sewage Works Analyses lamo, 2 00 

Fresenius’s Manual of Qualitative Chemical Analysis. (Wells.) 8vo, 5 00 

Manualof Qualitative Chemical Analysis. Part I. Descriptive. (Wells.) 8vo, 300 

Quantitative Chemical Analysis. (Cohn.) 2 vols 8vo, 12 50 

Euertes’s Water and Public Health i go 

Furman’s Manual of Practical Assaying 8vo, 3 00 

Getman’s Exercises in Physical Chemistry. i2mo, 2 00 

•Gill’s Gas and Fuel Analysis for Engineers. - i2mo, i 25 

* Gooch and Browning’s Outlines of Qualitative Chemical Analysis. Small 8vo, x 25 

Grotenfelt’s Principles of Modem Dairy Practice. (Woll.) i2mo, 2 00. 

Oroth’s Introduction to Chemical Crystallography (Marshall) i2mo, i 25 

Hammarsten’s Text-book of Physiological Chemistry. (Mandel.) 8vo, 4 00 

Hanausek’s Microscopy of Technical Products. (Winton.) 8vo, 5 00 

^ Baskin’s and MacLeod’s Organic Chemistiy 12mo, 2 00 

Helm’s Principles of Mathematical Chemistry. (Morgan.) lamo, i 50 

Hering’s Ready Reference Tables (Conversion Factors) i6mo, morocco, 2 50 

Herrick’s Denatured or Industrial Alcohol. , otf 

Hind’s Inorganic Chemistry • 

■* Laboratory Manual for Students • • • ’ _ 

HoUeman's Text-book of Inorganic Chemutry, (Cooper ). •• ,1“’ tS 

Text-book of Organic Chemistry. (Walker and Mott.) 8vo, a so 

* Laboratory Manual of Organic Chemistry; (Walker.). i oa 
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Holley and Ladd’s Analysis of Mixed Paints, Color Pigments, and Varnishes. 

(In Press) 

Hopkins’s Oil-chemists* Handbook 8vo, 3 00 

Iddings’s Rock Minerals ' g qq 

Jackson’s Directions for Laboratory Work in Physiological Chemistry. .Svo,* 1 25 
Johannsen’s Key for the Determination of Rock-forming Minerals in Thin Sec- 
tions. (In Press) 

Keep’s Cast Iroii 

Ladd’s Manual of Quantitative Chemical Analysis. i2mo, i 00 

Xandauer’s Spectrum Analysis. (Tingle.), 300 

* Langworthy and Austen. The Occurrence of Aluminium in Vegetable 

Products, Animal Products, and Natural Waters 8vo, 2 00 

Lassar-Cohn*s Application of Some General Reactions to Investigations in 

Organic Chemistry. (Tingle.) i2mo, i 00 

Leach’s The Inspection and Analysis of Food with Special Reference to State 

Control 7 50 

Lob’s Electrochemistry of Organic Compounds. (Lorenz.) 8vo, 3 00 

Lodge’s Notes on Assaying and Metallurgical Laboratory Experiments. .. .8vo, 3 00 

Low’s Technical Method of Ore Analysis .8vo, 3 00 

Lunge’s Techno-chemical Analysis. (Cohn.) izmo 100 

* McKay and Larsen’s Principles and Practice of Better-making 8vo, i 50 

Maire’s Modem Pigments and their Vehicles . (In press. ) 

Mandel’s Handbook for Bio-chemical Laboratory i2mo, i 50 

Martin’s Laboratory Guide to Qualitative Analysis with the Blowpipe , . i2rao, 60 
Mason's Water-supply. (Considered Principally from a Sanitary Standpoint.) 

3d Edition, Rewritten 8vo, 4 00 

Examination of Water, (Chemical and Bacteriological.) i2rao, 125 

Matthew’s The Textile Fibres, 2d Edition, Rewritten 8vo, 4 00 

Meyer’s Determination of Radicles in Carbon Compounds. (Tingle,). . i2mo, i 00 

Miller’s Manual of Assaying i2mo, i 00 

Cyanide Process izmo, i 00 

Minet’s Production of Aluminum and its Industrial Use. (Waldo.) .... i2mo, 2 so 

Mixter’s Elementary Text-book of Chemistry i2mG, x 50 

Morgan’s An Outline- of the Theory of Solutions and its Results i2mo, x 00 

Elements of Physical Chemistry i2mo, 3 00 

^ Physical Chemistry for Electrical Engineers i2mo, 5 00 

Morse’s Calculations used in Cane-sugar Factories i6mo, morocco, 1 50 

* Mut's H 'Story of Chemical Theories and Laws 8vo, 4 00 

Mulliken’s General Method for the Identification of Pure Organic Compounds. 

Vol. I Large 8vo, 5 00 

O’Driscoll’s Notes on the Treatment of Gold Ores 8vo, 2 00 

Ostwald's Conversations on Chemistry. Part One. (Ramsey.) i2mo, 150 

“ “ “ Part Two. (Turnbull. )...... i2mo, 2* ob 

* Palmer's Practical Test Book of Chemistry i 2 mo, 1 00 

^ Pauli's Physical Chemistry in the Service of Medicine. (Fischer. ) . . . . izmo, X 2^ 

^ Penfield.’s Notes on Determinative Mineralogy and Record of Mineral Tests. 

" 8vo, paper, 56 

Pictet's The Alkaloids and their Chemical Constitution. (Biddle. ) .... .8vbi*' S" 
Pinner’s Introduction to Organic Chemistry. (Austen.), . . t2mG, i 50 

Poole's Calorific Power of Fuels t . ...... ; .8vo, 3*00 

Prescott and Winslow’s Elements of Water Bacteriology, with Special Refer- 
ence to Sanitary Water Analysis, . izmo* ' i 25 

* Reisig’s Guide to Piece-dyeing ; ; . . . . .8vo; is bo 

Richards and Woodman's Air, Water, and Food from a Sanitary Standpoijit..8vo 2 00 

Ricketts and Miller’s Notes on Assaying. ^ ; /.t'i . . .'8vo^ 3 00 ■ 

Rideal's Sewage and the Bacterial Purification of Sewage .8voi 4 00 

Disinfection and the Preservation Of Food.*. ,1 . . . ... v. ,^1; :\8v6, 4 06 • 
Riggs's Elementary Manual for the Chemical Laboratory.*. .W f, r!. VSVo," i 2S; ’ 
Rohine and Lenglen's Cyanide Industry. (Le Clerc.). . i . . . . . .8vo, 4 00 


.f I t ' \ ’iv ‘ 7. I u » If) , 





Ruddiman^s Incompatibilities in Prescriptions 8vo, 2 00 

.... •i2nio« X 00 

♦ Whys in Pharmacy _ : U* ' i, ««« , 

Sabin’s Industrial and Artistic Technology of Paints and famish. 8va, 3 oo 

Salkowski’s Physiological and Pathological Chemistry. (Orndorif.) 8vo, 2 so 

Schimpf’s Text-book of Volumetric Analysis. * SO 

Essentials of Volumetric Analysis i2mo, i 25 

• Qualitative Chemical Analysis. ^ 

Smith’s Lecture Notes on Chemistry for Rental Students 8vo, 2 50 

Spencer’s Handbook for Chemists of Beet-sugar Houses i6mo, morocco 3 00 

Handbook for Cane Sugar Manufacturer? t6mo, “o^^o^co. 3 00 

Stockbridge’s Rocks and Soils. ^ 

* Tillman’s Elementary Lessons in Heat * 8v ^ 

* Descriptive General Chemistry. * • * ^ 

Treadwell’s Qualitative Analysis. (HaU.) ■ ^ ^ 

Quantitative Analysis. (Hall.) * 

Turneaure and Russell's Public Water-suppHes ^ 

Van Deventer’s Physical Chemistry for Beginners. (Boltwood.) lamo. i 

Walke's Lectures on Explosives • • • V ’ ' o 

Ware’sBeet-sugarManufactureandRefin^^^^ Ii: ! ! ! ! ! ! ! ! sraUSv:; "5 - 

Washington’s Manual of the Chemical Analysis of Rocks .8vo, 2 00 

Weaver’s Military Explosives ^ w Rvn a 00 

Wehrenfennig’s Analysis and Sof tening of Boiler Feed-Water , . 

Wells’s Laboratory Guide in«Qualitative Chemical Analysis. * 

Short Course^n Inorganic Qualitative Chemical Analysis for Engineering 

I2ni0f I 5® 

Students to mo i 2t 

Text-book of Chemical ^ithmetic ^ 

Whipple’s Microscopy of Drinking-water *i2mo* i 50 

Wilson’s Cyanide Processes ^ 

Chlorination Process g * 

Winton’s Microscopy of Vegetable Foods . * ; * ' ' * ‘ ^ 

Wuffing’s Elemeutary Course in Inorgamc, Pharmaceutical, and Medmal ^ 

Chemistry 


bridges and roofs. 


CIVIL ENGINEERING. 

HYDRAULICS. MATERIALS OF ENGINEERING 
RAILWAY ENGINEERING. 


Baker’s Engineers’ Surveying Instruments Z; / ' 

Bixby’s Graphical Computing Table Paper ipiXxui inches. 

Breed and Hosmer’s Principles and Practice of Surveying. »vo, 

* Burr’s Ancient and Modern Engineering and the Isthmian Canal »vo, 

Comstock’s Field Astronomy for Engineers 

♦ Corthell^s Allowable Pressures on Deep Foundations * 

Crandall’s Text-book on Geodesy and Least Squares ♦ 

Davis’s Elevation and Stadia Tables. . ’ 

Elliott’s Engineering for Land Drainage. 

Practical Farm drainage. ... 

♦Fiebcger’s Treatise on Civil Engineering 

^ 

. . .8vo 


i 2 mo, 
i 2 mo, 
. .8vo, 


Flemer's Phototopographic Methods and Instruments ?vo, 


FolusemsiSeiwesage. .. (Desjgniug.and 

Frbitte’s , Ajtchitectural Engineering, ad Edition, Rewritten 

French and Ives’s Stereotomy 

Goodhue’s Municipal Improvements g^^^ 

Gore’s Elements of Geodesy i2mo * 

• Eauch and Rice’s Tables of Quahttties for Preliminaiy Estimates 12mo^.^ 

Hayford’s Text-book of Geodetic Astronomy 
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3 od 

3 00 
3 SO 

2 SO 
I 25 

3 00 
I oo 

1 50 
X oo 

5 oo , 
5 oo 
, 3 oo 
3 50 

2 50 

1 50 

2 50 

I 25 

3 00 




Hering’s Ready Reference Tables (Conversion Factors). .... .i6ino, morocco, 2 so 

Howe’s Retaining Walls for Earth. i2mo, 1 25 

Hoyt and Grover’s River Discharge. ; Svo, 2 00 

=*= Ives’s Adjustments of the Engineer’s Transit and Level i6rfro , Bds. 25 

Ives and Hilts’s Problems in Surveying i6mo, morocco, i 50 

Johnson’s (J. B.) Theory and Practice of Surveying .Small Svo, 4 00 

Johnson’s (L. J.) Statics by Algebraic and Graphic Methods Svo, 2 00 

Laplace’s Philosophical Essay on Probabilities. (Truscott and Emory.) . i2mo, 2 00 

Mahan’s Treatise on Civil Engineering. (1873.) (Wood.) Svo, 500 

* Descriptive Geometry gyo, 150 

Merriman’s Elements of Precise Surveying and Geodesy. Svo, 2 50 

Merriman and Brooks’s Handbook for Surveyors. .i6mo, morocco, 2 00 

ISTugent’s Plane Surveying 3 50 

•Ogden's Sewer Design. i2mo, 2 00 

Parsons’s Disposal of Municipal Refuse Svo, 2 00 

Patton’s Treatise on Civil Engineering Svo half leather, 7 50 

Reed’s Topographical Drawing and Sketching 4to, 5 00 

Rideal’s Sewage and the Bacterial Purification of Sewage Svo, 4 00 

Riemer’s Shaft-sinking under Difficult Conditions. (Coming and Peele.) . .8vo, 3 00 

Siebert and Biggin's Modern Stone-cutting and Masonry Svo, 1 50 

Smith’s Manual of Topographical Drawing. (McMillan.) Svo, 250 

•Gondericker’s Graphic Statics, with Applications to Trusses, Beams, and Arches. 

Svo, 2 00 

Taylor and Thompson’s Treatise on Concrete, Plain and Reinforced Svo, 5 00 

Tracy’s Plane Surveying l6mo, morocco, 3 00 

•* Trautwine’s Civil Engineer’s Pocket-book i6mo, morocco, 5 00 

Venable’s Garbage Crematories in America ,8vo, 2 00 

Wait’s Engineering and Architectural Jurisprudence Svo, 6 00 

Sheep, 6 50 

Law of Operations Preliminary to Construction in Engineering and Archi- 
tecture .Svo, 5 00 

Sheep, s So 

Law of Contracts Svo, 3 00 

Warren’s Stereotomy — Problems in Stone-cutting Svo, 2 50 

Webb’s Problems in the Use and Adjustment of Engineering Instruments. 

lOmo, morocco, i 25 

Wilson’s Topographic Surveying. Svo, 3 So 

BRIDGES AND ROOFS. 

Holler’s Practical Treatise on the Construction of Iron Highway Bridges. .Svo, 2 00 

JBurr and Falk’s Influence Lines for Bridge and Roof Computations Svo, 3 00 

Design and Construction of Metallic Bridges .Svo, S 00 

Du Bois’s Mechanics of Engineering. Vol, II Small 4to, 10 00 

Foster’s Treatise on Wooden Trestle Bridges .4to, 5 00 

Fowler’s Ordinary Foundations Svo, 3 So 

•Greene’s Roof Trusses Svo, 1 23 

Bridge Trusses. Svo, 2 50 

Arches in Wood, Iron, and Stone .Svo# 2 50 

Grimm’s Secondary Stresses in Bridge Trusses. (Tn Press. ) 

Howe’s Treatise on Arches Svo, 4 00 

Design of Simple Roof-trusses in Wood and Steel Svo, 2 00 

Symmetrical Masonry Arches .Svo, 2 50 

Johnson, Bryan, and Turneaure’s Theory and Practice in the Designing of 

Modern Framed Structures Small 4to, 10 op 

Merriman and Jacoby’s Text-book on Roofs and Bridges: 

Part I. Stresses in Simple Trusses Svo, 2 50 

Part n. Graphic Statics Svo, 2 30 

Part HI. Bridge Design .Svo, 2 50 

Partly. Higher Struchires .Svo, 2 50 
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Morison’s Memphis Bridge. 

Waddell’s De Pontihus, a Pocket-hook for Bridge Engineers . . i6mo, morocco, 2 00 

^ Specifications for Steel Bridges. i i2mo, 50 

Wright’s Designing of Draw-spans. Two parts in one volume 8vo, 3 50 

HYDRAULICS. 


Barnes’s Ice Formation .* ’ * 

Bazin's Experiments upon the Contraction of the Liquid Vein Issuing from 

an Orifice. (Trautwine.) 

Bovey’s Treatise on Hydraulics 

Church’s Mechanics of Engineering 

Diagrams of Mean Velocity of Water in Open Channels paper, 


HydrauUc Motors. , ^ 

Coffin’s Graphical Solution of Hydraulic Problems i6mo. morocco, 2 50- 

Flather’s Dynamometers, and the Measurement of Power. izmo, 3 00 

Folwell’s Water-supply Engineering : 8vo, 4 oo- 

Frizell’s Water-power ^vo, 500- 

Fuertes’s Water and Public Health • X2mo, i 50 

Water-filtration Works 2 50 

Ganguillet and Rutter’s General Formula for the Uniform Flow of Water m 

Rivers and Other Channels. (Hering and Trautwine.) 8vo, 4 00* 

Hazen’s Clean Water and How to Get It Large i2mo, 1 So 

Filtration of Public Water-supply .8vo, 3 oo^ 

Hazlehurst’s Tdwers and Tanks for Water-works 8vo, 2 50 

Herschel’s 115 Experiments on the Carrying Capacity of Large, Riveted, Metal 

« j ... . .8vo, 2 oct 

Conduits * ’ 

* Hubbard and Kiersted’s Water-works Management and Mmntenance. • • 8vo, 4 vo 
Mason’s Water-supply. (Considered Principally from a Sanitary Standpoint.) 

8vo, 4 oo- 

Merriman’s Treatise on Hydraulics ^ 

* Michie’s Elements of Analytical Mechanics • ^ 

Schuyler’s Reservoirs for Irrigation, Water-power, and Domestic Water- 

^ Thomas and Watt’s Improvement of Rivers 4to, o 

Turneaure and Russell’s Public Water-supplies • • ^vo, 5 00. 

Wegmann’s Design and Construction of Dams. Sth Edition, enlarged. . .4to, 6 00- 

Water-supply of the City of New York from 1658 to 1895 4 o, 10 00- 

Whipple’s Value of Pure Water • Large izmo, i 0^ 

Williams and Hazen’s Hydraulic Tables • • ■ I 

Wilson’s Irrigation Engineering. S™**! ^ 

Wolff’s Windmill as a Prime Mover * 

Wood’s Turbines 

Elements of Analytical Mechanics 

MATERIALS OF ENGINEERING. 

Baker’s Treatise on Masonry Construction 8vo. S 

Roads and Pavements ‘ ^ 

Black’s United States PubUc Works ® Z 

* Bovey’s Strength of Materials and Theory of Structures 8vo, 7 S» 

Burr's Elasticity and Resistance of the Materials of Engineering 8vo. 7 Su 

Bvrne’s Highway Construction * 11’ ^ 

Inspection of the Materials and Workmanship Employed m Constructmn. ^ 

Church’s Mechanics of Engineering. Smalil™’ 7 su 

Du Bois’s Mechanics of Engineering. Vol. I Sm 4 7 

*Eckel’s Cements, Limes, and Plasters 
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Jolmson's Materials of Construction *.Large 8vo, ( 

Fowler^s Ordinary Foundations I 8vo, . 

Graves's Forest Mensuration 8vo, - 

* Greene's Structural Mechanics ,8vo, : 

Keep's Cast Iron 8vo, ; 

Lanza's Applied Mechanics 8vo, ' 

Martens's Handbook on Testing Materials. (Henning.) 2 vols. ...... .8vo, ' 

Maurer's Technical Mechanics 8vo, . 

Merrill's Stones for Building and Decoration 8vo, 

Merriman's Mechanics of Materials 8vo, 

* Strength of Materials izmo, 

Metcalf's Steel. A Manual for Steel-users i2mo, 

Patton's Practical Treatise on Foundations 8vo, 

Richardson's Modern Asphalt Pavements 8vo, 

Richey's Handbook for Superintendents of Construction i6mo, mor., 

* Ries's Clays: Their Occurrence, Properties, and Uses 8vo, 

Rockwell's Roads and Pavements in France izmo, 

Sabin's Industrial and Artistic Technology of Paints and Varnish 8vo, 

* Schwarz’s Longleaf Pine in Virgin Forest i2mo, 

Smith's Materials of Machines izmo, 

Snow’s Principal Species of Wood 8vo, 

Spalding’s Hydraulic Cement izmo, 

Text-book on Roads and Pavements izmo, 

Taylor and Thompson's Treatise on Concrete, Plain and Reinforced 8vo, 

Thurston's Materials of Engineering. 3 Parts 8vo, 

Part I. Non-metahic Materials of Engineering and Metallurgy 8vo, 

Part n. Iron and Steel 

Part III. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents 

Tillson's Street Pavements and Paving Materials .8vo, 

Tumeaure and Maurer’s Principles of Reinforced Concrete Constructfon. . -8vo, 
Waddell’s Be Pontibus. (A Pocket-book for Bridge Engineers.) . . i6mo, mor., 

* Specifications for Steel Bridges izmo, 

Wood's (Be V.) Treatise on the Resistance of Materials, and an Appendix pn 

the Preservation of Timber .8vo, 

Wood's (Be V.) Elements of Analytical Mechanics 8vo, 

Wood’s (M. P.) Rustless Coatings; Corrosion and Electrolysis of Iron and 
Steel ..8vo, 


RAILWAY ENGIHEERIKG. 

Andrew's Handbook for Street Railway Engineers. ... .3x3 inches, morocco, 

Berg’s Buildings and Structures of American Railroads 4to, 

Brook's Handbook of Street Railroad Location i6mo. morocco, 

Butt’s Civil Engineer’s Field-book idnao, morocco, 

Crandall's Transition Curve * i6mo, morocco, 

Railway and Other Earthwork Tables. -Svo, 

Crockett’s Methods for Earthwork Computations. (In Press) 

Dawson’s “Engineering” and Electric Traction Pocket-book . . i6mo, morocco 

Dredge’s History of the Pennsylvania Railroad: (1879)., Paper, 

Fisher's Table of Cubic Yards . • : Cardboard, 

Godwin's Railroad Engineers' Field-book and Explorers' Guide . . . i6mo, raor„ 
Hudson's Tables for Calculating the Cubic Contents of Excavations and Em- 
bankments t - * » 

MoEtor and Beard's Manual for Resident Engineers. .lomo, 

Nagle's Field Manual for Railroad Engineers. j 6 mo, morocco, 

Philbrick’s Field Manual for Engineers. - • • lOmo, morocco, 

Raymond’s Elements of Railroad Engineering. (In Press.) 





Searles’s Field Engineering i6mo, morocco, 3 00 

Railroad Spiral. • i6mo, morocco, t 50 

Taylor's Prismoidal Formulae and Earthwork 8vo, 1 so 

♦ Trautwine's Method of Calculating the Cube Contents of Excavations and 

Embankments by the Aid of Bmgrams. .8vo, 2 00 

The Field Practice of Laying Out Circular Curves for Railroads. 

i2mo, morocco, 2 so 

Cross-section Sheet. .Paper, 25 

Webb's Railroad Construction i6mo, morocco, 5 00 

Economics of Railroad Construction. Large i2mo, 2 50 

Wellington’s Economic Theory of the Location of Railways Small 8vo., 5 00 


DRAWING. 

Barr’s Kinematics of Machinery. 8vo, 2 50 

* Bartlett’s Mechanical Drawing 8vo , 3 00 

# ** ** ** Abridged Ed Svo, i 50 

Xoolidge’s Manual of Drawing Svo, paper, i 00 

CooUdge and Freeman’s Elements of General Drafting for Mechanical Engi- 
neers Oblong 4to, 2 so 

Durley’s Klinematics of Machines 8vo, 4 00 

Emch’s Introduction to Projective Geometry and its Applications 8vo, 2 So 

Hill’s Text-book on Shades and Shadows, and Perspective 8vo, 2 00 

Jamison’s Elements of Mechanical Drawing 8vo, 2 50 

Advanced Mechanical Drawing 8vo, 2 00 

Jones’s Machine Design: 

Parti. Kinematics of Machinery 8vo, i so 

Part n. Form, Strength, and Proportions of Parts 8vo, 3 00 

MacCord’s Elements of Descriptive Geometry 8vo, 3 00 

Kinematics; or, Practical Mechanism .8vo, s 00 

Mechanical Drawing 4to, 4 00 

Velocity Diagrams ^ 

MacLeod’s Descriptive Geometry Small 8yo, 1 50 

^ Mahan’s Descriptive Geometry and Stone-cutting 8vo, i 50 

Industrial Drawing. (Thompson.) 8vo, 350 

Moyer’s Descriptive Geometry ^ 

Reed’s Topographical Drawing and Sketching 4to, 5 00 

Reid’s Course in Mechanical Drawing 8vo, 2 00 

Text-book of Mechanical Drawing and Elementary Machine Design. 8vo, 3 00 

Robinson’s Principles of Mechanism - 8vo, 3 00 

Schwarab and Merrill’s Elements of Mechanism 8vo, 3 00 

Smith’s (R. S.) Manual of Topographical Drawing. (McMillan.) 8vo, 2 50 

Smith (A. W.) and Marx’s Machine Design 8vo, 3 00 

* Titsworth’s Elements of Mechanical Drawing Oblong 8vo, i 25 

Warren's Elements of Plane and Solid Free-hand Geometrical Drawing. lamo, i 00 

Drafting Instruments and Operations i 25 

Manual of Elementary Projection Drawing i2mo, i So 

Manual of Elementary Problems in the Linear Perspective of Form and 

Shadow ^ 

Plane Problems in Elementary Geometry i2mo, i 25 

Elements of Descriptive Geometry, Shadows, and Perspective 8vo, 3 So 

General Problems of Shades and Shadows 8vo, 3 00 

Elements of Machine Construction and Drawing 8vo, 7 50 

Problems, Theorems, and Examples in Descriptive Geometry 8vo, 2 50 

Weisbach’s Kinematics and Power of Transmission. (Hermann and 

Klein.) •. ^ Oo 

Whelpley's Practical Instruction in the Art of Letter Engraving i2mo, 2 00 

Wilson’s (H. M.) Topographic Surveying 8vo, 3 5® 
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Wilson^s (V. T.) Free-hand Perspective. 8vo, 2 50 

Wilson's (V. T.) Free-hand Lettering 8 vd» 1 oa 

Woolf's Elementary Course in Descriptive Geometry. Large 8vo, 3 00 

ELECTRICITY AND PHYSICS. 

^ Abegg's Theory of Electrolirtic Dissociation. (Von Ende.) i2mo, i 25 

Anthony and Brackett's Text-book of Physics. (Magie.). Small 8vo, 3 00 

Anthony's Lecture-notes on the Theory of Electrical Measurements. . . .i2mo, i 00 

Benjamin's History of Electricity. 8vo, 3 00 

Voltaic Cell 8vo, 3 00 

Betts’s Lead Refining and Electrolysis. (In Press.) 

Classen's Quantitative Chemical Analysis by Electrolysis. (Boltwood,).8vo, 3 00 

^ Collins's Manual of Wireless Telegraphy i2mo, i so 

Morocco, 2 00 

Crehore and Squier's Polarizing Photo-chronograph 8vo, 3 00 

•* Danneel’s Electrochemistry. (Merriam.) i2mo, 12s 

Dawson's ‘ ‘Engineering" and Electric Traction Pocket-book. i6mo, morocco, s 00 
Dolezalek's Theory of the Lead Accumulator (Storage Battery). (Von Ende. ) 

lamo, 2 so 

Duhem's Thermodynamics and Chemistry. (Burgess.) 8yo, 4 00 

Flather's Dynamometers, and the Measurement of Power. i2mo, 3 o® 

Gilbert's De Magnete. (Mottelay.) 8vo, 2 50 

Hanchett's Alternating Currents Explained izrao, i 00 

Bering's Ready Reference Tables (Conversion Factors) lomo, morocco, 2 50 

Hobart and Ellis's High-speed Dynamo Electric Machinery. (In Press.) 

Holman's Precision of Measurements 8vo, 2 00 

Telescopic Mirror-scale Method, Adjustments, and Tests Large Bvo, 75 

Karapetoff’s Experimental Electrical Engineering. (In Press.) 

Kinzbrunner's Testing of Continuous-current Machines. ... 8vo, 2 00 

Landauer's Spectrum Analysis. (Tingle.) 8vo, 300 

Le Chatelier's High-temperature Measurements. (Boudouard — Burgess.) i2mo, 3 00 
Dob's Electrochemistry of Organic Compounds. (Lorenz.) - .8vo, 3 00 

* Lyons's Treatise on Electromagnetic Phenomena. Vols. I- and H. 8vo, each, 6 00 

* Michie’s Elements of Wave Motion Relating to Sound and Light 8vo, 4 00 

Niaudet's Elementary Treatise on Electric Batteries. (Fishback.) i2mo, 2 

Hoiris's Introduction to the Study of Electrical EngineeriSig. (In Presa^ 

* ParsharH anciHobart's Electric Machine Design 4to,haM morocco, 12 50 

Reagan's Locomotives: Simple, Compound, and Electric. New Edition. 

Large i2mo, 3 50 

* Rosenberg's Electrical Engineering. (Haldane Gee — Kinzbrunner.). . .8vo, 2 00 

Ryan, Norris, and Hoxie's Electrical Machinery, Vol. I 8vo, 2 50 

Thurston's Stationary Steam-engines ^ 5® 

Tillman's Eleirientary Lessons in Heat ^ 

Tory and Pitcher's Manual of Laboratory Physics Small 8vo, 2 00 

iDlke’s Modern Electrolytic Copper Refining * 8vo, 3 Qo 

LAW. 

Davis's Elements of Law .8vo, 2 50 

^ Treatise on the Military Law of Dnited States. ^ 8vo, 7 00 

^ Sheep, 7 S® 

^ Dudley's Military Law and the Procedure of Courts-martial Large i2mo, 2 5® 

Manual for Courts-martial i^mo, morocco, 1 ^ 

Wait's Engineering and Architectural Jurisprudence i: ' ^ 

Sheep, 0 5® 

Law of Operations Preliminary to Construction in Engineering and Archi- 

^ , 8vo 5 ®® 

Sheep. 5 5® 

Law of Contracts * ^ 

Winthrop's Abridgment of Military Law. i2mo, 2 50 


MANUFACTURES. 


Benia(iou*s Smokeless Powder — Nitro-cellulose and Theory of the Cellulose 

Molecule i2mo, 

Holland’s Iron Founder i2mo, 

* - The Iron Founder,” Supplement .T2nio, 

Encyclopedia of Founding and Dictionary of Foundry Terms Used in the 
Practice of Moulding. 12 mo, , 

* Claassen's Beet-sugar Manufacture. (Hall and Rolfe.) 8vo, 

* Eckel’s Cements, Limes, and Plasters. ..8vo, 1 

Eissler’s Modern High Explosives. ,8vo, 

Effront’s Enzymes and their Applications. (Prescott.) .8vo, 

Fitzgerald’s Boston Machinist i2mo, 

Ford’s Boiler Making for Boiler Makers i8mo. 

Herrick’s Denatured or Industrial Alcohol. . .8vo, 

HoUey and Ladd’s Analysis of Mixed Paints, Color Pigments, and Varnishes. 

(In Press.) 

Hopkins’s Oil-chemists* Handbook ,8vo, 

Bleep’s Cast Iron 8vo, 

Leach’s The Inspection and Analysis of Food with Special Reference to State 
Control Large 8vo, 

* McKay and Larsen’s Principles and Practice of Butter-making 8vo, 

Maire’s Modem Pigments and their Vehicles. (In Press.) 

Matthews’s The Textile Fibres. 2d Edition, Rewritten. .8vo, 

Metcalf’s Steel. A Maunal for Steel-users i2mo, 

Metcalfe’s Cost of Manufactures — ^And the Administration of Workshops . . 8vo, 

Meyer’s Modern Locomotive Construction 4to, i 

Morse’s Calculations used in Cane-sugar Factories 161110, morocco, 

* Reisig’s Guide to Piece-dyeing 8vo, 2 

Rice’s Concrete-block Manufacture 8vo, 

Sabin’s Industrial and Artistic Technology of Paints and Varnish ..... . 8vo, 

Smith’s Press-working of Metals 8vo, 

Spalding’s Hydraulic Cement .i2mo, 

Spencer’s Handbook for Chemists of Beet-sugar Houses i6mo, morocco, 

Handbook for Cane Sugar Manufacturers i6mo, morocco, 

Taylor and Thompson’s Treatise on Concrete, Plain and Reinforced 8vo, 

Thurston’s Manual of Steam-boilers, their Designs, Construction and Opera- 
tion 8vo, 

Ware’s Beet-sugar Manufacture and Refining. Vol. I Small 8vo, 

” ” ” ** “ Vol. II 8vo, 

Weaver’s Military Explosives 8vo, 

West’s American Foundry Practice i2mo, 

Monlder’s Text-hook i2mo, 

Wolff’s Windmill as a Prime Mover 8vo, 

Wood’s Rustless Coatings; Corrosion and Electrolysis of Iron and Steel. ,8vo, 

MATHEMATICS. 

Baker’s Elliptic Functions 8vo, 

Briggs’s Elements of Plane Analytic Georhetry i amo, 

Buchanan’s Plane and Spheiicali Trigonometry, (In Press.) 

Compton’s Manual of Logarithmic Computations . .lamo, 

Davis's Introduction to the Logic of Algebra 8vo, 

* Dickson’s pollege Algebra .Large larao, 

* Introduction to the Theory of Algebraic Equations Large lamo, 

Emch’s Introduction to Projective Geometry and its Applications 8vo, 

Halsted’s Elements of Geometry .8vo, 

Elementary Synthetic Geometry ,8vb, 

^ Rational Geometry i2mo, 
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* Johnson^s (J. B.) Three-place Logarithmic Tables: Vest-ppchet size. paper;' x^: 

loo copies for 5 oo- 

♦ Mounted on heavy cardboard, 8Xio inches, 

lo copies for 2 oo 

Johnson’s (W. W.) Elementary Treatise on Differential Calculus . .Small 8vo, 3 oo 
Elementary Treatise on the Integral Calculus ........ . .... .Small 8vo, i 5^^ 

Johnson’s (W. W.) Curve Tracing in Cartesian Co-ordinates izmp, i oo 

Johnson’s (W. W.) Treatise on Ordinary and Partial Differential Equations. 

Small 8vo, 

Johnson’s Treatise on the Integral Calculus , . ...... .Small 8vo, 

Johnson’s (W. WO Theory of Errors and the Method of Least Squares . izmo, 

Johnson’s (W. WO Theoretical Mechanics izmo, 

Laplace’s Philosophical Essay on Probabilities. (Truscott and EmoryO-iamo, 

♦ Ludlow and Bass. Elements of Trigonometry and Logarithmic and Other 

Tables Bvo, 

Trigonometry and Tables published separately Each, 

* Ludlow’s Logarithmic and Trigonometric Tables .... 8vo, 

Manning’s IrrationalNumbers and their Representation bySequences and Series 

i2mo, 

Mathematical Monographs. Edited by Mansfield M’erriman and Robert 

S. Woodward • Octavo, each 

No. 1. History of Modern Mathematics, by David Eugene Smith. 

No. 2. Synthetic Projective Geometry, by George Bruce Halsted. 

No. 3. Determinants, by Laenas Gifford Weld. No. 4. Hyper- 
bolic Functions, by James McMahon, No. eJ. Harmonic Func- 
tions, by WilUam E. Byerly. No. 6. Grassmann’s Spstce Analysis, 
by Edward W. Hyde, No. 7. Probability and Theory of Errors, 
by Robert S. Woodward. No. 8. Vector Analysis and Quaternions, 
by Alexander Macfarlane. No. 9. Differential Equations, by 
William Woolsey Johnson. No. 10. The Solution of Equations, 
by Mansfield Merriman, No. ii. Functions of a Complex Variable, 
by Thomas S. Fiske. 

Maurer's Technical Mechanics • 

Merriman’s Method of Least Squares 

Rice and Johnson’s Elementary Treatise on the Differential Calculus. . Sm. 8vo, 
Differential and Integral Calculus. 2 vols. in one Small 8vo, 

* Veblen and Lennes’s Introduction to the Real Infinitesimal Analysis of One 

Variable 

Wood’s Elements of Co-ordinate Geometry 

Trigonometry; Analytical, Plane, and Spherical laroo, 

MECHANICAL ENGINEERING. 

MATERIALS OF ENGINEERING^ STEAM-ENGINES AND BOILERS. 

Bacon’s Forge Practice ‘ 

Baldwin’s Steam Heating for Buildings 

Barr's Kinematics of Machinery ^ 

* Bartlett's Mechanical Drawing .»vo, 

,|c « “ “ Abridged Ed. ...... 

Benjamin’s Wrinkles and Recipes.. 

Carpenter’s Experimental Engineering ► • •'•••• ' ‘ 

Heating and Ventilating Buildings • .»vo, 

Clerk’s Gas and Oil Engine ; - • • 

CooUdge’s Manual of Drawing. ' * .j ’ iur aI Pn * 

Coolidge and Freeman’s Elements of General 

gineers • . . 

Cromwell’s Treatise on Toothed Gearing. ’ 

Treatise on Belts and Pulleys * 
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Durley’s Kinematic^ ojf Machines 8vo, ^ 

Flather’s Dynatnonieters and the Measurement of Power. i 2 mo, ^ 

Rope Driving i 2 mo, : 

Gill’s Gas and Fuel Analysis for Engineers i 2 mo, ] 

Hall's' Car Luhricatibn 1 2 mo , : 

Hering’s Ready Reference Tables (Conversion Factors) i6mo, morocco, : 

Hutton’s The Gas Engine 8vo, ‘ 

Jamison’s Mechanical Drawing 8vo, 2 

Jones’s Machine Design : 

Part I. Kinematics of Machinery, 8vo, ] 

Part II. Form, Strength, and Proportions of Parts 8vo, ■ 

Kent’s Mechanical Engineers’ Pocket-book i6mo, morocco, * 

Kerr’s Power and Power Transmission 8vo, 2 

Leonard's Machine Shop, Tools, and Methods 8vo, 

* Lorenz’s Modern Refrigerating Machinery. (Pope, Haven, and Dean.) . . 8vo, 4 

MacCord’s Kinematics ; or, Practical Mechanism 8vo, « 

Mechanical Drawing 4 to, ^ 

Velocity Diagrams 8vo, 

MacFarland’s Standard Reduction Factors for Gases 8vo, 

Mahan’s Industrial Drawing. (Thompson.) 8vo, 

Poole’s Calorific Power of Fuels .8vo, 

Reid’s Course in Mechanical Drawing 8vo, 

Text-book of Mechanical Drawing and Elementary Machine Design. 8vo, 

Richard’s Compressed Air i 2 mo, 

Robinson’s Principles of Mechanism 8vo, 

Schwamb and Merrill’s Elements of Mechanism 8vo, 

Smith’s (0.) Press- working of Metals 8vo, 

Smith (A. W.) and Marx’s Machine Design Syo, 

Thurston’s Treatise on Friction and Lost Work in Machinery and Mill 

Work 8vo, 

Animal as a Machine and Prime Motor, and the Laws of Energetics. 12 mo, 

Tillson’s Complete Automobile Instructor i6mo, 

Morocco, 

Warren’s Elements of Machine Construction and Drawing 8vo, ’ 

Weisbach’s Kinematics and the Power of Transmission, (Herrmann — 

Klein.) 8vo, j 

Machinery of Transmission and Governors. (Herrmann—Klein.). .8vo, : 


MATERIALS OF ENGINEERING. 


Reset 

Church’s Mechanics of Engineering. 
* Greene’s Structural Mechanics ... 


Keep's Cast Iron 

Lanza’s Applied Mechanics 

Martens’s Handbook on Testing Materials. 

Maurer’s Technical Mechanics 

Merriman’s Mechanics of Materials 


Metcalf’s Steel. A Manual for Steel-users 

Sabin’s Industrial and Artistic Technology of Paints and Varnish. 


. . 8 vo, 
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50 
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Thurston’s Materials of Engineering 3 vols., 8vo, 

Part n. Iron and Steel. 8vo, 

Part m. A Treatise on Brasses, Bronzes, and Other Alloys and their 
Constituents 8vo, 
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Wood’s (De V.) Treatise on the Resistance of Materials and an Appen(Ux on 

the Preservation of Timber 8vo, a oo 

Elements of Analjrdcal Mechanics .8vo, 3 00 

Wood’s (M. P.) Rustless Coatings: Corrosion and Electrolysis of Iron and 

Steel 4 00 

STEAM-EITGINES AND BOILERS. 

Berry’s Temperature-entropy Diagram lamo, i 25 

Carnot’s Reflections on the Motive Power of Heat. (Thurston.) i2mo, i 50 

Creighton’s Steam-engine and other Heat-motors ... 8vo, 5 06 

Dawson’s Engineering ” and Electric Traction Pocket-book i6mo, mor„ 5 00 

Ford’s Boiler Making for Boiler Makers • ■ . i8mo, i 00 

Goss’s Locomotive Sparks - * ^ 

Locomotive Performance S 00 

Hemenway’s Indicator Practice and Steam-engine Economy lamo, 2 00 

Hutton’s Mechanical Engineering of Power Plants 8vo, 5 00 

Heat and Heat-engines S 00 

Kent’s Steam boiler Economy 8vo, 4 00 

Kneass’s Practice and Theory of the Injector 8vo, i SO 

MacCord’s Slide-valves ^ °° 

Meyer’s Modern Locomotive Construction 4to, 10 00 

Peabody’s Manual of the Steam-engine Indicator t 50 

Tables of the Properties of Saturated Steam and Other Vapors 8vo, i 00 

Thermodynamics of the Steam-engine and Other Heat-engines 8vo, 5 00 

Valve-gears for Steam-engines ^ SO 

Peabody and Miller’s Steam-boilers - 8vo, 4 00 

Pray’s Twenty Years with the Indicator .Large 8vo, 2 50 

Pupin's Thermodynamics of Reversible Cycles in Gases and Saturated Vapors. 

(Osterberg.) lamo, 1 25 

Reagan’s Locomotives; Simple, Compound, and Electric. New Edition. 

^ Large lamo, 3 5® 

Sinclair’s Locomotive Engine Running and Management i2mo, 2 00 

Smart’s Handbook of Engineering Laboratory Practice i2mo, 2 50 

Snow’s Steam-boiler Practice 3 

Spangler’s Valve-gears ; ^ ^ 

Notes on Thermodynamics i2mo, 1 00 

Spangler, Greene, and Marshall’s Elements of Steam-engineering 8vo, 3 00 

Thomas’s Steam-turbines 3 50 

Thurston’s Handy Tables ’ *0 * 

*’ Manual of the Steam-engine ^ 

Partt History, Structure, and t^ieory. . ® 

Partn. Design, Construction, and Operation .8vo, o 00 

Handbook of Engine and Boiler Trials, and the Use of the Indicator and 

the Prony Brake... • •••Ir a « 

Stationary Steam-engines , f 

steam-boiler Explosions in Theory and in Practice ® 

of Steam-boilers, their Designs, Construction, and Operation .^o, 5 00 

WehJJnfenning’8AnalysisandSoftwungofBoilerFeed-water(Pattefh0n) 8vo, 4^ 

Welsbach’s Heat, Steam, and Stedm-engines. (Du Bo is. ) . S 


mechanics and machinery. 

Barr’i Kinematic of Machinery. ; • : • ' • •»'«. 

• Bovey’s Strength of Materials and Theory of Structoes .^0. 

Chce’s The Art of Pattern-making. • **“<*• 

’ f 16 


2 50 
7 SO 
2 50 




Ctenff fe'i ^tflwnks »f . .. : .. . . ■ ., 



§ 

m 

Mw«l III Mtcliinlc*, >1. . , 



i 

m 

Ces»p#if* i'if'il h^mm In Mi Hit l-w#i king. ,. . . . .. 


IWWi 

t 

m 

Cottlpkiii .#»tl ClfWiil*! f ks Sppii 



s 

m 

Cr»»w#irt f nil f fcillwi Cl«rl«ii , , ... ... 


III*#,: 

t 

m 

Triilli® »n iltii a.ii4 


Si«©, 

1 

m 


1 

1 

m 




i 

m 

»f Ikt RikIWli .ittIMliii 

©I III# Wiarii*i 



C#ittiii%teii mi 1 %#* , . ■ . ■ ., - > , . 

ilii fell »«««, 

i 

m 

'01 klrw#p«ff f4 M«f 





toi 1.., •, . : . ... .. . .. , . . . . , . . - 


., ..Sft« 

i 

m 

V»i M. fcilifc . 


. ...ift* 

4 

#§ 

Ilf tiii 1. , .< ... . , . . , 

... Sff«ll 4tt» 

f 

.p 

mi 11, .. , ... ,. ., .. , .. , . . 

■ . i«i:ll 4tt« 

m 

m 

Eiffel % ElwMl-lci »t * : , , . . » . . , , .. , ., .. .. ... 


•t»» 

4 

m 




i 

m 


.» . . 

Si Bin, 

J 

m 

llflf t:f^, ... . 



i 

m 



, ..,•«* 

a 

m 



its* 

S 

m 

* iifiif liifal , , . . . 


.itfi. 

i 

m 

r#f , , 


i.i^«i* 

s 

» 


i 1 « 



# 

«!lrf 


liai®* 


fi 

rf ■« ■.i»4 lilt '«.l m Pmftltte. 





i»i 

1 ifti* 

i 

m 

* |W.. W*l .. ... ... ■ . . , , . , 


list#. 


m 

ii. ,|4 ^Itei kf Of.i,tfe.li A%t%rtl« fcllii'ii*... 


. itt* 


it 

MmUim 





1 . . ., 


. ■•««» 


m 

Pm% Ik f uM *4 INflai ., 


. it#* 



Mwm% Pmmm ini f fii.«*ifi.li»l#fi,, . . ■ .... ■ , 


. •»* 


m 

tMnm% 4p#llf4 ■: 




i« 



it®** 


m 


1 

1 

* 



m 



Bm, 


m 

Vttellf llteifm..»i. .* , .. ., .. . ■ ...... . . . .. , ... .... 




m 

^ Mwiii/i Ifffi 


1.1 WII, 


M$ 

¥«l, 1* 


l.l^* 


m 

f .. , , . ... .. .. ... .. , . .1 .. .. .. , .. . 




m 

* . , , , , ,, . ., * . . , . .. 

« , !S i, * ., !, # 




^ , ., , , , . , ■> . , 

, ./ .t .s * ,.f S ^ -i 



w 


, , i! 3 ■!■ if « » 

. aiw# 


m 

« 


t.i 

.P 


WmMrnm. 


It 

» .* ».>■ .. . - * . .- ■. •, . =. . .. 




m 

ftit’fewi Ekwwte## MmMm 


m 

C0»p^^ 4lf ,. . .. ... . . . ., . , ., ., , . , ... .. .. ... = .. , ... . . 


li..M» 


m 


, , ., -s s .« * .* 

.Mm* 



1.^ Il«i.'to% .» f #i k * , .. 

ff ., .1 ^ ♦ 



..p ... ^ 

. .. .. , . ., ., * = .. .... . 

, , .,. .isfwi 

limt 


P 

111*4 

, .< , i. , .. ., , s 

i, ,ii»# 

I 

m 


.,. ^ ., .» 

mMm§ 

1 

m 

tellfe*! CO» 1 ^ . ..* .* * .» .* .. . 

., , .. 9 ,. s * .* » 


i 

m 

14, W4 *4 

, » ,t * .,. .» « » s. 

.i.iiiWf 

s 

m--^ ■ 

fJk W4 UmM% 

■ft a * f « » 11 '8 » 

#. 

t 

■m ''"'ir’ 


tiM. 

r .. 


« # .» f # .# i • »i #« » * * .9 s » ^ » ■* ., a « * ». .9 * » •* i '» .* .Jf 

, . . . . ..:iiifii m, 

1 

m 

li 







Spangler, Greene, and Marshall’s Elements of Steam-engineering 8yo, 3 oo 

Thurston's Treatise on Friction and Lost Work in Machinery and Mill 

Work ...8yo, 300 

Animal as a Machine and Prime Motor, and the Laws of Energetics. 1 2mo, i 00 

Tillson's Complete Automobile Instructor .i6mo, i so 

Morocco, 2 00 

Warren’s Elements of Machine Construction and Drawin'i. , 8vo, 7 5o 

Weisbach’s Kinematics and Power ot Transmission, (Herrmann— Klein.) . 8yo. 5 00 
Machinery of Transmission and Governors. (Herrmann — Klein. ).8yq. 5 00 

Wood’s Elements ot Analytical Mechanics 8vo, ,3 00 

Principles of Elementary Mechanics. i2mo, i 25 

Turbines ....8vo, 250 

The World’s Columbian Exposition of 1893 -4^, i go 


MEDICAL. 

* Bolduan’s Immune Sera 12mo, 

He Fursac’s Manual of Psychiatry. (Rosanoff and Collins.) Large i2mo, ; 

Ehrlich’s Collected Studies on Immunity. (Bolduan.) 8vo, < 

=* Fischer’s Physiology of Alimentation. Large i2mo, cloth, 

Hammarsten’s Text-book on Physiological Chemistry. (Mandel.) .8vo, 

Lassar-Cohn’s Practical Urinary Analysis. (Lorenz.) ^ lamo, 

* Pauli’s Physical Chemistry in the Service of Medicine. (Fischer.) .... i2mo, 

* Pozzi-Escot’s The Toxins and Venoms and their Antibodies. (Cohn.), izmo, 

Rostoski’s Serum Diagnosis. (Bolduan.) izmo, . 

SalkowsM’s Physiological and Pathological Chemistry. (Orndorff.) 8vo, 

* Satterlee’s Outlines of Human Embryology 12 mo, 

Steel’s Treatise on the Diseases of. the Dog 8vo, 

Von Behring’s Suppression of Tuberculosis, (Bolduan.) - izmo, 

WoodhulTs Hotes on Military Hygiene i6mo, 

* Personal Hygiene. izmo, 

Wulling’s An Elementary Course in Inorganic Pharmaceutical and Medical 
Chemistry . . izmo. 


t 

m . 


-'lUllgifvv 

t ‘V, 


METALLURGY. 

Betts’s Lead Refining by Electrolysis, (In Press.) 

Egleston’s Metallurgy of Silver, Gold, and Mercury; 

Vol. L Silver Syo, 7 50 

Vol. n. Gold and Mercury .8vo, *7 So 

GoeseTs Minerals and Metals: A Reference Book i6mo, mor. 3 00 

* Iles’s I^ead-smelting .^2mo, 2 50 

Keep’s Cast Iron - ^ 5o 

Kunhardt’s Practice of Ore Dressing in Europe 8vo, i 50 

Le Chatelier’s High-temperature Measurements. (Boudouard— Burgess. )i2mo. 3 op 

Metcalf’s Steel. A Manual for Steel-users izmo, 2 0^ 

Miller’s Cyanide Process i2mo, i 00 

Minet’s Production of Aluminum and its Industrial Use. (Waldo.). , . . izmo, i 50 

Robine and Lenglen’s Cyanide Industry. (Le Clerc.). . Sto,' 4 00 

Smith’s Materials of Machines. ...... . I2mb,‘ i do 

Thurston’s Materials of Engineering. In Three Parts .8yo, , 8 ao 

Part n. Iron and Steel. . ^ . ,8voJ 3 5® 

Part IIL A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents. ....... .8vo, 2 50 

trike’s Modem Electrolytic Copper Refining. ....... * 8vo, 3 00 

MINERALOGY. ^ ‘ 

Barringer’s Description of Miiierals of Commercial Value. Oblong, morocco^ 50 
Boyd’s Resources of Southwest Virginia. v* • • .,.«r.,---8yo, ^3 Pdt 
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Boyd’s Map of Southwest Virignia Pocket-book form, a oa 

♦ Browning’s Introduction to the Rarer Elements «vo, i 50 

Brush’s Manual of Determinative Mineralogy. (Penfield.) 8vo, 4 00 

Chester’s Catalogue of Minerals. Svo, paper, i 00 

Cloth, I 2^ 

Dictionary of the Names of Minerals. 8 vo, 3 5 ® 

Dana’s System of Mineralogy Large 8 vo, half leather, 12 so 

First Appendix to Dana’s New “ System of Mineralogy,” Large 8 vo, i 00 

Text-book of Mineralogy . 8 vo, 4 00 

Idinerals and How to Study Them lamo, i 50 

Catalogue of American Localities of Minerals. . . * Large 8 vo, i 00 

Manual of Mineralogy and Petrography lamo 2 00 

Douglas’s Untechnical Addresses on Technical Subjects i 2 mo, i 00 

Eakle's Mineral Tables «!“’ 

Egleston’s Catalogue of Minerals and Synonyms 8vo, 2 50 

Goesel’s Minerals and Metals ; A Reference Book ibmo,mor. 3 00 

Groth’s Introduction to Chemical Crystallography (Marshall) i 2 tao, i 25 

Iddings’s Rock Minerals m ^ 

johannaen’s Key for the Determinatioii of Rock-forming Minerals m Thin 

Sections. (In Press.) ' , . , .a, ^ 

♦ Martin’s Laboratory Guide to Qualitative Analysis with the Blowpipe. l2mo, 60 
Merrill’s Non-metaUic Minerals. Their Occurrence and Uses . ... ..... .8vo, 4 00 

Stones for Building and Decoration 8 vo, 5 «> 

* Penfield’s Notes on Determinative Mineralogy and Record of Mineral Tests. 

8 vo, paper, so 


Tables of Minerals * .bvo, uo 

* Richards’s Synopsis of Mineral Characters lamo, morocco, i 25 

* Ries’s Clays. Their Occurrence. Properties, and Uses - ovo, 5 oo> 

Rosenbusch’s Microscopical Physiography of the Rock-making Minerals. 

^ .8vOi 5 00 

* Tillman’s Text-book of Important Minerals and Rocks. -.Svo, 2 00 


MINING. 


Beard’s Mine Gases and Explosions.^ (In Press.) 

Boyd's Resources of Southwest Virginia V 

Map of Southwest Virginia Pocket-book form, 

Douglas’s Untechnical Addresses on Technical Subjects lamo, 

Eissler’s Modern High Explosives. V ‘ 

Goesel’s Minerals and Metals ; A Reference Book . . . . . .... 

Goodyear’s Coal-mines of the Western Coait of the United States i2mo, 

Ihlseng’s Mahual of Mining 

^ Iles’s Lead-smelting Svo’ 

Kunhardt’s Practice of Ore Dressing in Europe - • • • 

Miller’s Cyanide Process 8 vo' 

O’Driscoll’s Notes on the Treatment of Gold Ores * 

Robine and Lenglen’s Cyanide Industry. (Le Clerc.) 

Weaver’s Military Explosives r2mo[ 

Wilson’s Cyanide Processes 

Chlbrination Process 

Hy^aulic aiid'Ptteer Mining, ad edition, rewritten 

Treatise on Practical and TheoreOcal'Mlne Ventilation. tamoi 


SAOTTARY SGIEHCE. 


- — ww .x 2 moi ^ 

BMhore-s Sanitation ol a Coimtry House ^ ,5 

♦ Outlines of Practical Sanitation ■'*,*** x ” rvo \ oo 

FolweU’s Sewerage. (Designing. Construction, and Maintenance.). . . . • d ^ 

Water-supply 

lo 
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IFowler’s Sewage Works Analyses *1 * ' ' T I I2mp, 2 00 

JFuertes’s Water and Public Health. .| .T. .4.1 lamo, r 50 

Water-filtration Works i2mo, 2 50 

jGerhard’s Guide to Sanitary House-inspection i 6 mo, i 00 

Sanitation of Public Buildings l 2 mo, 1 so 

Hazen's Filtration of Public Water-supplies 8 vo, 3 00 

Leach’s The Inspection and Analysis of Food with Special Reference to State 

Control - . 8 vo, 7 So 

Mason’s Water-supply. (Considered principally from a Sanitary Standpoint) 8 vd , 4 00 
Examination of Water. (Chemical and Bacteriological.). ........ i2mo, i 25 

* Merriman’s Elements of Sanitary Engineering . 8 vo^ 2 00 

Ogden's Sewer Design • • i2mo, 2 00 

Prescott and Winslow’s Elements of Water Bacteriology, with Special Refer- 
ence to Sanitary Water Analysis izmo, 1 23 

Price’s Handbook on Sanitation izmo, i 50 

Hichards’s Cost of Food. A Study in Dietaries .izmo, 1 00 

Cost of Living as Modified by Sanitary Science i2mo, 1 00 

Cost of Shelter i^mo, i 00 

Tlichards and Woodman’s Air- Water, and Food from a Sanitary Stand- 
point .Bvo, 2 00 


Hideal's S swage i 


Von Behring’s Suppression of Tuberculosis. (Bolduan.) . 

Whipple’s Microscopy of Drinking-water 

Wilson’s Air Conditioniiig. (In Press.) 


Personal Hygiene. 


.Bvo, 

2 00 


. . 8 vo, 

I so 


. 8 vo, 

4 00 

' 

. . 8 vo; 

4 00 


. . 8 vo, 

5 00 

< 

i2mo, 

I 00 


. . 8 vo, 

3 50 


. . 8 vo, 

7 SO 

-’t', 

. iCmo, 

I 50 


. lamo, 

I 00 



MISCELLANEOUS. 

Association of State and National Food and Dairy Departments (Interstate 
Pure Food Commission) ; 

Tenth Annual Convention Held at Hartford, July 17 - 20 , 1906 . .. . 8 vo, 3 00 

Eleventh Annual Convention, Hfeld at Jamestown Til-Centennial 
Exposition, July 16 - 19 , 1907 . (In Press.) ^ r' 

Fmmons’s Geological Guide-book of the Rocky Mountain Excursion of^the 

International Congress of Geologists. . . . Large Cvo, .1 50 

Ferrel’s Popular Treatise on the Winds i . . • *8vo, 4 00 

•Gannett’s Statistical Abstract of the World. 24mo, 75 

•Gerhard’s The Modem Bath and Bath-houses. (In Press.) 

Haines’s American Railway Management 2 50 

Ricketts’s History of Rensselaer Polytechnic Institute, 1 8 24-1 8 94.. Smalt 8 vo, 3 00 

Rotherham’s Emphasized New Testament Large $vo, 3 oo 

Standage’s Decorative Treatment of -Wood, Glass, Metal, etc. (In Press.) 

The World’s Columbian Exposition of 1893 4to, i 00 

Winslow’s Elements of Applied Microscopy lamo, % 30 


HEBREW AND CHALDEE TEXT-BOOKS. * 

Green’s Elementary Hebrew Grammar * • t 25 

Hebrew Chrestomathy ■ • • • ^ 

Gesenius’s Hebrew and Chaldees Lexicon to the Old Testament Scriptures. 

(Tregelles. ) Small 4 to , half morocco S 00 

tetteris’s Hebrew Bible ' ; • • rt’- . ^Svo; a 25 




